WORLD INTCLLECTUAL PROPERTY ORGANKATION 
International Bureau 




PCX 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 

C07C 319/18, 323/60, 323/52, BOIJ 
14/00, A23K 1/16 . 



Al 



(11) International Publication Number: WO 96/40630 

(43) International Publication Date: 19 December 1996 (19.12.96) 



(21) International AppUcation Number: PCr/US96/08527 

(22) International Filing Date: 4 June 1996 (04.06.96) 



(30) Priority Data: 
08/477,768 
08/647.161 



7 June 1995 (07.06.95) US 
21 May 1996 (21.05.96) US 



(71) Applicant: NOVUS INTERNATIONAL. INC. [US/US]; 530 

Maiyville Centre Drive, St Louis. MO 63141 (US). 

(72) Inventors: HSU. Yung. C; 530 Maiyville Centre Drive, 

St. Louis, MO 63141 (US). BLACKBURN. Thomas. P.; 
530 Maryville Centre Drive, St. Louis, MO 63141 (US). 
PELLEGRIN, Paul. P.; 530 MaryviUe Centre Drive, St 
Louis, MO 63141 (US). KRANZ. Allen. H.; 530 Maryville 
Centre Drive, St Louis. MO 63141 (US). WILLOCK, 
James. M.; 530 Maryville Centre Drive. St Louis, MO 
63141 (US). 

(74) Agents: ROEDEL, John. K., Jr. et al.; Senniger, Powers. 
Leavitt & Roedel, 16th floor. One Metropolitan Square, St 
Louis, MO 63102 (US). 



(81) Designated States: AL, AM, AT, AU. AZ. BB. BG, BR, BY. 
CA, CH. CN, CZ. DE. DK. EE, ES. FI, GB. GE, HU. IS. 
JP. KE. KG. KP, KR, KZ, LK. LR. LS. LT. LU, LV. MD. 
MG. MK, MN, MW, MX, NO. NZ, PL. PT, RO. RU, SD. 
SE, SG, SI, SK. TJ, TM, TR, IT, UA, UG, UZ. VN, ARIPO 
patent (KE, LS, MW, SD, SZ, UG), Eurasian patent (AM. 
AZ. BY, KG, KZ, MD. RU. TJ. TM), European patent (AT. 
BE. CH, DE, DK. ES, FI, PR, GB, GR, IE, IT, LU, MC. 
NL. PT, SE). OAPI patent (BF. BJ, CP, CG. CI. CM. GA. 
GN, ML. MR. NE. SN. TD, TG). 



Published 

With international search report. 



(54)TiUe: CONTINUOUS HYDROLYSIS PROCESS FOR PREPARING 2-HYDROXY-4^METHYLTHIOBUTANOIC ACID OR 
SALTS THEREOF 




(57) Abstract 

A continuous process for the preparation of 2-hydroxy-4-methylthiobutan6ic acid or a salt thereof which includes introducing 
an aqueous mineral acid into a nitrilc hydrolysis reactor including a continuous stirred tank reactor and introducing 2-hydroxy-4- 
methylthiobutanenitrile into the nitrile hydrolysis reactor. 2-hydroxy-4-mcthylthiobutancnitrilc is continually hydrolyzed within the nitrile 
hydrolysis reactor to produce a nitrile hydrolysis reactor product stream containing 2-hydroxy-4-methyIthiobutanamidc. The nitrile hydrolysis 
reactor product stream is continuously introduced into an amide hydrolysis flow reactor. 2-hydroxy-4-methylthiobutanamide is continually 
hydrolyzed within the amide hydrolysis flow reactor to produce an aqueous hydrolyzate product containing 2-hydroxy-4-methylthiobutanoic 
acid. 2-hydroxy-4-methylthiobutanoic acid is recovered from the aqueous hydrolyzate product. 
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CONTINTJOUS HYDROLYSIS PROCESS FOR PREPARING 
2-HYDR0XY-4-METHYLTHIOBTJTANOIC ACID OR SALTS THEREOF 



Reference to Related Applications 

This application is a continuation-in-part of U.S. 
5 patent application serial no. 08/477,768, filed June 7, 
1995* 



ttaojVq-rmiTi d pf the Invention 

This invention relates to the preparation of 2- 
hydroxy-4-methylthiobutanoic acid or salts thereof and 
10 morq particularly to an improved process for preparing an 
aqueous product comprising 2 -hydroxy -4 -methyl thiobutanoic 
acid. 

2 -hydroxy- 4 -methyl thiobutanoic acid, commonly 
referred to as the hydroxy analog of methionine and also 

15 known as 2 -hydroxy -4 -methyl thiobutyric acid or HMBA, is 
an analog of the essential amino acid methionine. 
Methionine analogs such as HMBA are effective in 
supplying methionine for nutritional uses, particularly 
as a poultry feed supplement. To efficiently produce 

20 feed supplements containing HMBA, the hydrolysis must be 
sufficiently complete. 

HMBA has been manufactured by various processes 
involving hydrolysis of 2 -hydroxy- 4- 

methylthiobutanenitrile (also known as HMBN or 2-hydroxy- 
25 4 -methyl thiobutyronitrile and hereinafter "HMBN" or 

"nitrile") . HMBA has been produced as a racemic D,L- 
mixture by hydrolyzing HMBN with a mineral acid, 
precipitating the acid residue by addition of an alkaline 
earth hydroxide or carbonate, and recovering a salt of 
30 HMBA from the aqueous phase by evaporative 

crystallization, as described, for example, in Blake et 
al U.S. Patent No. 2,745,745. 

British Patent No. 915,193 describes a process for 
the preparation of the calcium salt of HMBA in which HMBN 
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is hydrolyzed to HMBA in a continuous back-mixed reactor 
using a dilute sulfuric acid solution, and HMBA is 
separated from the reaction liquor by extraction with an 
ether. Because of the use of a continuous back-mixed 
5 reaction system, the process of the British patent may 
not achieve complete conversion of HMBN or amide 
intermediate to HMBA. The presence of significant 
unreacted material is undesirable where a liquid HMBA 
product is to be made, 

10 Recently, HMBA has been commercially produced by 

hydrolyzing HMBN with sulfuric acid to form a high 
quality hydrolyzate containing HMBA, extracting HMBA from 
the hydrolyzate, and recovering the HMBA from the extract 
as described by Ruest et al. U.S. Patent No. 4,524,077. 

15 In the process, HMBN is mixed with sulfuric acid having a 
strength of between about 50% and about 70% by weight on 
an organic -free basis at a temperature of between about 
25® C and about 65*> C. To control the rate of reaction, 
the HMBN is preferably added to the acid over a period of 

20 about 3 0 to about 60 minutes. Under the preferred 

conditions, substantial conversion of the nitrile to 2- 
hydroxy-4-methylthiobutanamide (also known as 2-hydroxy- 
4 -methyl thiobutyramide and hereinafter "amide") takes 
place in a period of between about one -half hour and 

25 about one and one-half hours. Thereafter, the amide is 
converted to HMBA by further hydrolysis at a temperature, 
within the range of between about 70** C and 12 0** C. 
Final hydrolysis of the amide to the acid is carried out 
in sulfuric acid having an initial strength of between 

30 about 30% and about 50% by weight on a organic- free 

basis. To provide the preferred acid strength, the acid 
phase is diluted by adding water before heating the 
reaction mixture. Under conditions of relatively dilute 
acid strength and increased temperature, the amide is 

35 converted to the acid within a period of approximately 
one and one-half to three hours. In carrying out the 
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hydrolysis, approximately one mole of sulfuric acid per 
mole of the HMBN feed is used, with an acid excess of 0 
to 10%, preferably 0 to 5%, providing satisfactory 
results. Ruest et al. describe a batch process and state 
5 that a batch process is preferred to ensure that the 
hydrolysis reaction is carried substantially to 
completion. If a continuous reaction system is utilized, 
Ruest et al . describe that it should be designed and 
operated to assure essentially complete conversion » For 

10 example, continuous operation could be implemented in a 
plug flow tubular reactor or cascaded stirred tank 
system. A single back-mixed reactor is described by 
Ruest et al. as providing adequate conversion only at 
residence times that would generally be considered 

15 unacceptable for commercial production* 

Hernandez et al, U.S. Patent No. 4,912,257 describes 
a process in which HMBA is produced by sulfuric acid 
hydrolysis of HMBN in a single step. HMBN is fed to an 
acidification vessel where it is mixed with 98% sulfuric 

20 acid at an acid/nitrile molar ratio between 0.5 and 2 to 
form a reaction mixture containing 20-50% by weight 
sulfuric acid. The mixture is agitated and cooled to 50 

in a continuous addition loop for 30-60 minutes as the 
reaction mixture is produced batchwise. The reaction 

25 mixture is then fed to a hydrolysis reactor and heated to 
a temperature of between 60 *>C and 140 for five 
minutes to six hours while applying a slight vacuum to 
the reactor. The process described by Hernandez et al . 
is said to produce HMBA by hydrolysis of the acidified 

30 HMBN solution in a single step unlike the two step 
hydrolysis processes known in the art. 

In order to provide a high quality hydrolyzate 
product containing maximum HMBA and minimal nitrile and 
amide components, high conversion of HMBN and 2-hydroxy- 

35 4 -methyl thiobutyramide to HMBA must be obtained. Batch 
production of HMBA generally provides high conversion. 
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However, conventional batch processes for producing HMBA 
have several drawbacks. The productivity of a batch 
process is limited by batch turnaround time. 
Additionally, the quality of HMBA hydrolyzate can deviate 
5 between batches because reaction conditions can vary as 
each batch is produced. Filling and emptying of the 
batch reactor and non- steady state conditions cause vapor 
emissions that must be treated before release. The 
equipment required for the prior art processes is costly. 

10 Sulfuric acid and water are mixed in an acid dilution 
tank to form diluted sulfuric acid feed. A heat 
exchanger is required to remove the heat of dilution that 
is generated within the tank. The tank, heat exchanger, 
pump and recirculation loop must be of corrosion 

15 resistcuat construction. 

fiiiTrnnaT-Y of the Invention 

Among the several objects of the present invention 
are the provision of an improved process for the 

20 preparation of HMBA; the provision of such a process that 
can be operated in a continuous mode; the provision of 
such a process that can be operated with high 
productivity; the provision of such a process that can 
significantly reduce capital and maintenance costs as 

25 compared to conventional processes; the provision of such 
a process that affords improved control of reaction 
conditions as compared to conventional batch hydrolysis 
systems; the provision of such a process that reduces the 
vapor emissions as compared to conventional batch 

30 systems; the provision of such a process that eliminates 
the need for separate sulfuric acid dilution, in 
particular, the provision of such a process that can be 
operated using a concentrated sulfuric acid feed stream 
without prior dilution; the provision of such a process 

35 that effects essentially complete conversion of HMBN to 
HMBA; and the provision of such a process that can 
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produce HMBA of consistent quality for use in the 
preparation of animal feed supplements. 

These and other objects are obtained through a 
process for the preparation of HMBA or a salt thereof 
5 including introducing a mineral acid into a nitrile 

hydrolysis reactor comprising a continuous stirred tank 
reactor, and introducing 2 -hydroxy- 4- 
methylthiobutanenitrile into the nitrile hydrolysis 
reactor. 2 -hydroxy- 4 -methyl thiobutanenitrile is 

10 continually hydrolyzed within the nitrile hydrolysis 

reactor to produce a nitrile hydrolysis reactor product 
stream containing 2 -hydroxy -4 -methyl thiobutanamide. The 
nitrile hydrolysis reactor product stream is continuously 
introduced into an amide hydrolysis flow reactor. 2- 

15 hydroxy- 4 -methyl thiobutanamide is continuously hydrolyzed 
within the amide hydrolysis flow reactor to produce a 
finished aqueous hydrolyzate product containing 2- 
hydroxy- 4 -methyl thiobutanoic acid, 2-hydroxy-4- 
methylthiobutanoic acid is recovered from the finished 

20 aqueous hydrolyzate product. 

In another embodiment of the invention, 2-hydroxy-4- 
methylthiobutanoic acid or a salt thereof is produced by 
a process in which 2 -hydroxy- 4 -methyl thiobutanenitrile, 
concentrated sulfuric acid having a strength of between 

25 about 70% by weight and about 99% by weight, and water 
are concurrently introduced into a vessel in which 2- 
hydroxy- 4 -methyl thiobutanenitrile is hydrolyzed. 2- 
hydroxy- 4 -methyl thiobutanenitrile is hydrolyzed within 
the vessel to produce an aqueous hydrolysis mixture 

30 containing 2 -hydroxy- 4 -methyl thiobutanamide. 2-hydroxy- 
4 -methyl thiobutanamide is hydrolyzed to produce a 
finished aqueous hydrolyzate product containing 2- 
hydroxy- 4 -methyl thiobutanoic acid. 2-hydroxy-4- 
methylthiobutanoic acid is recovered from the finished 

35 aqueous hydrolyzate product. 
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Yet another embodiment of the present invention is 
directed to an apparatus for use in a process for the 
preparation of HMBA. The apparatus includes a first 
continuous stirred tank reactor for the continuous 
5 hydrolysis of 2 - hydroxy- 4 -methyl thiobutanenit rile in the 
presence of a mineral acid to produce an acjueous 
hydrolysis mixture containing 2 -hydroxy- 4 - 
methyl thiobutanamide. The apparatus also includes an 
amide hydrolysis flow reactor for the continuous 

10 hydrolysis of 2 -hydroxy- 4 -methyl thiobutanamide with 

sulfuric acid to produce a finished aqueous hydrolyzate 
product containing 2 -hydroxy- 4 -methyl thiobutanoic acid. 

Another embodiment of the invention is directed to a 
process for the preparation of 2 -hydroxy- 4- 

15 methyl thiobutanoic acid or a salt thereof that includes 
introducing 2-hydroxy-4-methylthiobutanenitrile and an 
aqueous mineral acid into an aqueous hydrolysis mixture 
compris ing 2 - hydroxy- 4 -methyl thiobutanamide , mineral 
acid, and unreacted 2 -hydroxy- 4 -methyl thiobutanenitrile. 

20 The 2-hydroxy-4-methylthiobutanenitrile in the aqueous 

hydrolysis mixture is hydrolyzed in a continuous nitrile 
hydrolysis reactor comprising a back -mixed reaction zone 
and a circulation zone in fluid flow communication with 
the back-mixed reaction zone. The circulation zone 

25 comprises a circulating line. The aqueous hydrolysis 
mixture is continuously circulated in a circulating 
stream that is withdrawn from the back -mixed reaction 
zone, passed through the circulation zone and returned to 
the back-mixed reaction zone. The circulating stream as 

30 withdrawn from the back-mixed reaction zone contains 

unreacted 2 -hydroxy- 4 -methyl thiobutanenitrile. A portion 
of the aqueous hydrolysis mixture is removed from a 
forward flow port in the circulation zone to form a 
nitrile hydrolysis reactor product stream. The nitrile 

35 hydrolysis reactor product stream is transferred to an 
amide hydrolysis flow reactor. The nitrile hydrolysis 
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reactor product stream is diluted with water at a point 
downstream of the forward flow port to provide a 
finishing reaction stream. The 2 -hydroxy- 4- 
methylthiobutanamide contained in the finishing reaction 
5 stream is hydrolyzed in the amide hydrolysis flow reactor 
to produce a finished aqueous hydrolyssate product 
containing 2 -hydroxy-4 -methyl thiobutanoic acid. The sum 
of the residence time of the circulating stream in the 
circulation zone upstream of the forward flow port and 

10 the residence time of the nitrile hydrolysis reactor 

product stream downstream of the forward flow port prior 
to dilution is sufficient to substantially extinguish 
residual 2-hydroxy-4-methylthiobutanenitrile prior to the 
dilution of the nitrile' hydrolysis reactor product 

15 stream. 

Brief Description of the Drawings 

PIG. 1 is a schematic flowsheet of the process of 
the invention, illustrating continuous manufacture of 
HMBA from HMBN, water and a mineral acid; 
20 FIG, 2 is a schematic flowsheet of a preferred 

process of the type illustrated in FIG. 1 as modified to 
assure that residual HMBN is substantially extinguished; 

FIG. 3 is a schematic flowsheet of a process of the 
invention in which 2-hydroxy-4-methylthiobutanamide 
25 exiting a nitrile hydrolysis reactor is converted to HMBA 
in a continuous stirred tank reactor and an amide 
hydrolysis flow reactor operated in series; 

FIG. 4 is a schematic flowsheet of a preferred 
process of the type illustrated in FIG. 3 as modified to 
30 assure that residual HMBN is substantially extinguished; 

FIG. 5 is a schematic illustration of a continuous 
stirred tank reactor adapted for conversion of HMBN to 2- 
hydroxy-4-methylthiobutanamide while a concentrated 
sulfuric acid stream is introduced into the reactor; 
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FIG. 6 is a schematic illustration of a continuous 
stirred tank reactor adapted for the HMBN to amide 
conversion as shown in FIG. 5 while extinguishing HMBN 
prior to dilution; 
5 FIG. 7 is a schematic flowsheet of a bench- scale 

continuous hydrolysis process in which 2 -hydroxy- 4- 
methylthiobutanamide exiting a first recirculating 
reactor is converted to HMBA in a second recirculating 
reactor and a plug flow reactor operated in series; 

10 FIG. 8 is a plot showing amide concentration, 

nitrile concentration, and Gardner color for the 
hydrolyzate product as a function of acid/nitrile molar 
ratio fed to the first reactor and temperature within the 
plug flow reactor based on bench scale experiments; and 

15 FIG* 9 is a schematic flowsheet of a bench- scale 

continuous hydrolysis process in which 2 -hydroxy- 4 - 
methyl t hi obutanamide exiting a first reactor is 
introduced into a plug flow reactor and hydrolyzed to 
produce HMBA. 

20 Detailed Description of the Preferred Embodiment 

In accordance with the present invention, a process 
for the preparation of HMBA is provided in which HMBN is 
continuously hydrolyzed in an aqueous mineral acid to 
form 2-hydroxy-4-methylthiobutajaamide (hereinafter 

25 referred to as "nitrile hydrolysis"), and the amide is 

continuously hydrolyzed to form HMBA (hereinafter "amide 
hydrolysis") . The process is implemented utilizing an 
apparatus that comprises a first continuous stirred tank 
reactor (hereinafter "CSTR") for nitrile hydrolysis and 

30 an amide hydrolysis flow reactor, preferably a plug flow 
reactor (hereinafter "PFR") , for subsequent amide 
hydrolysis. The nitrile hydrolysis is very exothermic 
and is, therefore, most efficiently conducted in a CSTR 
back mixed for heat transfer and temperature control. 

35 The amide hydrolysis is less exothermic yet must be 
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brought to substantial completion in order to achieve 
desired product quality and yield. A PFR has been found 
to be well suited for the amide hydrolysis because it can 
be configured to operate without substantial back-mixing, 
5 yet provide adequate residence time for the reaction 

without requiring excessive pressure drop. For example, 
it has been found that an industrial scale pipeline 
reactor can be operated at a Reynolds nxunber in excess of 
about 5000 without excessive pressure drop through the 

10 reactor, while producing a hydrolyzate containing less 

than about 0,1% amide and less than about 0.1% nitrile on 
an HMBA basis . 

More particularly, the invention is directed to an 
apparatus including a nitrile hydrolysis reactor 

15 comprising a CSTR for receiving aqueous mineral acid and 
HMBN feed streams. For purposes of the present 
invention, an aqueous mineral acid is comprised of water 
and up to 99 wt.% mineral acid. The aqueous mineral acid 
is generally sulfuric acid or hydrochloric acid. 

20 Sulfuric acid is particularly preferred. As the HMBN 

reacts with water within the CSTR, an aqueous hydrolysis 
mixture containing 2-hydroxy-4-methylthiobutanamide is 
formed. The amide typically hydrolyzes to some extent in 
the nitrile hydrolysis reactor, resulting in formation of 

25 ammonium salts and HMBA in the aqueous hydrolysis 

mixture. The aqueous hydrolysis mixture is continuously 
removed from the CSTR, cooled, and returned to the CSTR. 
A portion of the circulating aqueous hydrolysis mixture 
is removed from a forward flow port to form a nitrile 

30 hydrolysis reactor product stream. This stream is 

diluted to form a finishing reaction stream before being 
introduced to the flow reactor for completion of amide 
hydrolysis. Since the amide hydrolysis proceeds to some 
degree during the nitrile hydrolysis, it is generally 

35 preferable to dilute the nitrile hydrolysis reactor 

product solution as soon as practicable to provide water 
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for amide hydrolysis and prevent liquid phase separation. 
Dilution also prevents precipitation of ammonium 
bisulfate when sulfuric acid is used. However, when the 
point of dilution is closely coupled to the point of 
5 withdrawal of aqueous hydrolysis solution from the CSTR, 
it has been found that residual nitrile may be introduced 
into the finishing reaction stream. Since the rate of 
nitrile hydrolysis is reduced by addition of dilution 
water, residual nitrile may be increased in the product. 

10 It has further been discovered that residual nitrile 

can be reduced to very low levels by providing a modest 
but critical flow regime residence time for substantial 
completion of the nitrile hydrolysis reaction before 
dilution. More particularly, it has been discovered that 

15 residual nitrile is substantially extinguished by 

providing a nitrile hydrolysis flow regime residence time 
of at least about 20 seconds and, depending upon the 
degree of back mixing, preferably between about 30 
seconds and about 5 minutes, as constituted, e.g., by the 

2 0 siam of the residence time of the circulating aqueous 

hydrolysis solution between the point of withdrawal from 
the CSTR and a forward flow port plus the residence time 
of the nitrile hydrolysis reactor product stream between 
the forward flow port and the point of dilution. For 
25 purposes of the present invention, residual nitrile is 

substantially extinguished when not more than about 0 . 05% 
by weight nitrile remains in the finishing reaction 
stream. 

It has also been discovered that concentrated 

3 0 sulfuric acid, water, and HMBN can be concurrently and 

directly introduced into the first CSTR in order to 
produce within the CSTR a more dilute effective sulfuric 
acid strength suitable for hydrolysis of HMBN. HMBN, 
water and concentrated sulfuric acid can be 
35 simultaneously fed into the first CSTR without hindering 
the hydrolysis of HMBN despite the disparate density and 
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viscosity of sulfuric acid and HBMN and the high heat of 
dilution released when sulfuric acid is diluted with 
water. The dilution of sulfuric acid within the reactor 
eliminates the need for separate acid dilution as used in 
5 a conventional process, reducing cost and maintenance of 
the hydrolysis system. Water and acid required for the 
hydrolysis reaction can be introduced in any practical 
combination of concentrated acid, dilute acid, and water 
to achieve the required concentration and proportion of 
10 mineral acid for the first hydrolysis. 

In one embodiment of the invention illustrated in 
FIG. 3, the nitrile hydrolysis reactor product stream 
removed from the nitrile hydrolysis reactor is diluted, 
with water to form an amide hydrolysis stream that is fed 
15 to a second CSTR before being transferred to the amide 
hydrolysis flow reactor • Alternatively, the nitrile 
hydrolysis reactor product stream and the water stream 
can be introduced directly to the second CSTR. A 
substantial portion of the amide is converted to HMBA in 
20 the second CSTR by further hydrolysis to form the 

finishing reaction: stream. The finishing reaction stream 
is further hydrolyzed in an amide hydrolysis flow reactor 
located downstream of the second CSTR to form a finished 
acjueous hydrolyzate product containing HMBA. 
25 Alternatively, the second CSTR can be bypassed such that 
the finishing reaction stream is continuously fed 
directly to the amide hydrolysis flow reactor and 
hydrolyzed to form the hydrolyzate product. It has been 
discovered that the process of the invention can be 
30 operated at high productivity in one or more CSTRs in 

series together with a flow finishing reactor. Thus, the 
capital costs of implementing the process are 
significantly reduced as compared to the batch processes 
previously considered necessary in the art to provide 
35 adequate conversion at high productivity. 
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It has been found that such a continuous hydrolysis 
process can provide efficient conversion of HMBN to HMBA 
to produce a high quality hydrolyzate product containing 
very low amounts of HMBN a.nd 2 -hydroxy- 4- 
5 methylthiobutanamide. In order to produce quality feed 
supplements containing HMBA, the process of the invention 
may be operated at high productivity to produce a 
finished aqueous hydrolyzate product comprising at least 
about 36 wt^% HMBA, at least about 18 wt.% ammonium salt, 

10 at least about 20 wt.% water, up to about 0,05 wt.% amide 
and up to about 0.05 wt-% nitrile. The HMBA within the 
finished aqueous hydrolyzate product includes HMBA 
monomer as well as dimers and other oligomers. When the 
mineral acid used in the hydrolysis is sulfuric acid, the 

15 finished aqueous hydrolyzate product coitprises at least 
about 36 wt.% HMBA, at least about 30 wt.% ammonium salt 
such as ammonium bisulfate or ammonium sulfate, at least 
about 25 wt.% water, up to about 0.05 wt.% amide and up 
to about 0.05 wt.% nitrile. When hydrochloric acid is 

20 used in the hydrolysis, the finished aqueous hydrolyzate 
product comprises at least about 50 wt.% HMBA, at least 
about 18 wt.% ammonium chloride, at least about 20 wt.% 
water, up to about 0.05 wt.% amide and up to about 0.05 
wt.% nitrile. In a particularly preferred embodiment of 

25 the invention, substantially complete conversion is 

achieved during start up with sulfuric acid as well as at 
steady state so that the preferred hydrolyzate product 
composition may be consistently produced throughout all 
process operations. 

30 An aqueous hydrolyzate product of lesser purity can 

also be prepared according to the process of the present 
invention by using a lower acid to nitrile ratio for the 
hydrolysis. Such an aqueous hydrolyzate product 
comprises at least about 30 wt.% 2 -hydroxy- 4- 

35 methyl thiobutanoic acid, at least about 20 wt.% ammonium 
salt, such as ammonixam sulfate or ammonium bisulfate, at 
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least about 25 wt.% water, up to about 5 wt.% amide and 
up to about 0,1 wt.% nit rile, and has a color of not more 
than about 10 on the Gardner scale. 

Ordinarily, the hydrolyzate product produced before 
5 steady state conditions are established, for example, 
during start up, could contain more amide and nit rile 
than is desired in a high quality HMBA product. It has 
been discovered that such composition fluctuations can be 
prevented by operating at a higher mineral acid to 

10 nitrile molar ratio during start up in order to establish 
steady state conditions very rapidly. Presxamably, all of 
the mineral acid and HMBN are introduced into the first 
CSTR reactor, but the mineral acid stream can be divided 
to introduce one portion directly into the cunide 

15 hydrolysis flow reactor. Broadly speaking, therefore, 
the mineral acid to nitrile molar ratio is based on the 
cumulative rates at which mineral acid and nitrile are 
introduced into the process as a whole. Operation at a 
higher mineral acid to nitrile ratio is achieved by 

20 controlling the rate of mineral acid flowing into the 
amide hydrolysis flow reactor so that it is at least 
stoichiometrically equivalent to the sum of the nitrile 
and amide flowing into that reactor. When sulfuric acid 
is used for the hydrolysis, the sulfuric acid to nitrile 

25 molar ratio is between about 1.0 and about 2.0 from start 
up of the process until steady state is established, 
preferably between about 1.0 and about 1.5, and more 
preferably between about 1.15 and about 1.25. After 
steady state is reached, the sulfuric acid to nitrile 

30 molar ratio is between about 0.6 and about 1.5, 

preferably between about 0.9 and about 1.2, and more 
preferably between about 0.95 and about 1.05. When 
hydrochloric acid is used for the hydrolysis, the steady 
state hydrochloric acid to nitrile molar ratio is between 

35 about 1.0 and about 1.5, preferably between about 1.05 

and about 1.3, and more preferably between about 1.15 and 
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about 1*2. The above -described preferred acid to nitrile 
ratios are optimal for a high productivity process. For 
most effective control, the mineral acid rate is 
preferably at least 5% in excess of the rate equivalent 
5 to the sum of nitrile and amide* Decreasing acid to 
nitrile ratios can reduce color of a finished aqueous 
hydrolyzate product and reduce operating costs. 
Operation at the lower acid to nitrile ratios described 
herein can be preferred if low cost, low productivity 
10 production of a finished aqueous hydrolyzate product is 
desired. 

Referring to FIG. 1, 2-hydroxy-4- 
methylthiobutanamide is continuously generated by the 
hydrolysis of HMBN in a CSTR 10. At start up of the 

15 process, a mineral acid feed stream is introduced into 

the reactor 10 and mixed in a back-mixed reaction zone 12 
therein. HMBN is then introduced into the mineral acid 
stream where it reacts with water to form the amide 
within the aqueous hydrolysis mixture. Continuous 

20 nitrile hydrolysis occurs as the HMBN and mineral acid 
streams are continuously fed to the aqueous hydrolysis 
mixture within the reactor 10. 

The mineral acid is preferably sulfuric acid having 
a strength of between about 50% by weight and about 70% 

25 by weight, preferably between about 60% by weight and 

about 70% by weight. Sulfuric acid serves as a catalyst 
and is not consumed in the nitrile hydrolysis reaction. 
However, acid is consumed by the amide hydrolysis 
reaction that generally occurs to some extent in the 

30 nitrile hydrolysis reactor, resulting in formation of 
ammoniuim bisulfate when sulfuric acid is used in the 
nitrile hydrolysis reaction. The reaction is carried out 
at a temperature between about 40 **C and about 70 °C, 
preferably between about 60 <*C and about 65 ®C, and at a 

35 total pressure of between about 0 and about 15 psig. 

The residence time during which the aqueous hydrolysis 
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mixture is contained within the reactor 10 is between 
about 20 minutes and about 60 minutes, preferably between 
about 25 minutes and about 45 minutes. The residence 
time within the CSTR 10 is computed by dividing the 
5 volume of the aqueous hydrolysis inixture in the CSTR 10 
and in the circulating line 14 by the voliunetric flow 
rate of nitrile hydrolysis reactor product stream 
transferred downstream via forward flow port 26. The 
aqueous hydrolysis mixture produced in the CSTR 10 

10 comprises up to about 16 wt.% HMBA, up to about 12 wt.% 
ammonium salt, at least about 6 wt.% water, at least 
about 30 wt.% amide and up to about 2 wt.% nitrile. When 
sulfuric acid is used, the aqueous hydrolysis mixture 
produced in the CSTR 10 comprises up to about 16 wt.% 

15 HMBA, up to about 12 wt-% ammonixim salt, such as ammonium 
bisulfate or ammonium sulfate, at least about 6 wt.% 
water, at least about 35 wt.% amide and up to about 2 
wt.% nitrile, preferably between about 5 and about 12 
wt.% HMBA, between about 4 and about 9 wt.% ammonium 

20 salt, between about 10 and about 15 wt.% water, between 
about 35 and about 50 wt.% amide and up to about 2 wt.% 
nitrile, and more preferably, comprises between about 5 
and about 11 wt.% HMBA, between aJDOut 4 and about 8 wt.% 
ammonium salt, between about 11 and about 13 wt.% water, 

25 between about 40 and about 50 wt.% amide and up to about 
1 wt.% nitrile. 

When hydrochloric acid is selected as the mineral 
acid for the nitrile hydrolysis reaction, the acid 
preferably has a strength of between about 30% by weight 

30 and about 40% by weight, more preferably between about 

35% by weight and about 37% by weight. Hydrochloric acid 
serves as a catalyst and is not consumed in the nitrile 
hydrolysis reaction. However, hydrochloric acid is 
consumed by the amide hydrolysis reaction that generally 

35 occurs to some extent in the nitrile hydrolysis reactor, 
resulting in formation of ammonium chloride in the 
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aqueous hydrolysis mixture. Any ammonium chloride solids 
can be dissolved after the finished aqueous hydrolyzate 
product is obtained. The reaction is carried out at a 
temperature between about 25 °C and about 60 **C, 
5 preferably between about 45 **C and about 55 <>C, and at a 
total pressure of between about 2 and about 15 psig. The 
residence time during which the aqueous hydrolysis 
mixture is contained within the reactor 10 is between 
about 25 minutes and about 60 minutes, preferably between 
10 about 40 minutes and about 50 minutes. When hydrochloric 
acid is used, the aqueous hydrolysis mixture produced in 
the CSTR 10 comprises up to sibout 10 wt.% HMBA, up to 
about 5 wt.% ammonium chloride, at least about 20 wt.% 
water, at least about 40 wt.% amide and up to about 2 
15 wt.% nitrile, preferably between about 2 and about 10 
wt . % HMBA, between about 0 . 5 and about 5 wt . % ammoni\mi 
chloride, between about 20 and about 30 wt.% water, 
between about 40 and about 60 wt.% amide and up to eibout 
0.5 wt.% nitrile, and more preferably, corrprises between 
20 about 5 and about 9 wt.% HMBA, between about 0.5 and 
about 4 wt.% ammonium chloride, between about 25 and 
about 30 wt.% water, between about 45 and about 60 wt.% 
amide and up to about 0.1 wt.% nitrile. 

In an alternative embodiment of the invention, the 
25 mineral acid stream can be divided such that a portion is 
fed to the CSTR 10 said the remainder is fed via line 18 
upstream of the inlet of the in-line mixer 32 as shown in 
FIGS. 1, 2 and 4, or via line 20 into the amide 
hydrolysis mixture fed to a continuous amide hydrolysis 
3 0 reactor, second CSTR 36, as shown in FIG. 3. The acid to 
nitrile molar ratio into the CSTR 10 is between about 0.6 
and about 1.5 and, preferably between about 0.8 and about 
1.2. The overall molar acid to nitrile ratio is between 
about 0.7 and about 1.5, preferably between about 0.9 and 
35 about 1.2 and, more preferably, between about 0.95 and 

about 1.05. The overall molar acid to nitrile ratio, for 
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purposes of the present invention, is the sum of any 
mineral acid feed streams divided by the nitrile fed to 
the nitrile hydrolysis reactor. 

Lower acid to nitrile molar ratios are preferred 
5 when low cost, low productivity production of a finished 
aqueous hydrolyzate product is desired. The acid to 
nitrile molar ratio into the CSTR 10 under these 
conditions is between about 0,5 and about 0.95 and, 
preferably between about 0.8 and about 0.95. The overall 
10 molar acid to nitrile ratio is between about 0,6 and 

about 0.95, and preferably between about 0.85 and about 
0.95. 

In FIG. 1, the continuous nitrile hydrolysis reactor 
also includes a circulation zone in fluid flow 

15 communication with the back-mixed reaction zone 12 . The 
circulation zone comprises a circulating line 14 through 
which the aqpieous hydrolysis mixture withdrawn from the 
back-mixed reaction zone 12 is continuously circulated 
via a pump 22 . external heat exchanger 24 is 

20 preferably included in the circulating line to remove 
exothermic heat of reaction by transfer to a coolant. 
After passing through the pump 22 and the heat exchanger 
24, the aqueous hydrolysis mixture is returned to the 
back-mixed reaction zone 12 . A portion of the aqueous 

25 hydrolysis mixture is removed from a forward flow port 26 
in the circulation zone to form a nitrile hydrolysis 
reactor product stream which is transferred to an amide 
hydrolysis flow reactor 16. 

The temperature of the circulating acjueous 

30 hydrolysis mixture is at least 30 **C, preferably between 
about 40 <*C and about 60 throughout the circulation 
zone. When sulfuric acid is used, the temperature is at 
least about 50 °C, preferably between about 55 **C and 
about 60 °C throughout the circulation zone, and when 

35 hydrochloric acid is used, the temperature is at least 

about 3 0 ""C, preferably between about 40 *C and about 50 
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**C throughout the circulation zone. The reactor 10 can 
be jacketed to provide additional cooling capacity, and 
also to provide for heating the contents of the reactor 
if required during start up. 
5 The liquid level within the reactor 10 is maintained 

constant by a level controller. Although the liquid 
level can also be controlled by gravity overflow from the 
reactor, the hydrolysis system is more easily designed if 
positive level control is utilized. A level controller 

10 is also preferred because the aqueous hydrolysis mixture 
is viscous. Moreover the availability of a level 
controller allows the working volume and residence time 
of the reactor be varied at the operator's selection, 
e.g., to adapt to changes in throughput . 

15 In a particularly preferred embodiment of the 

invention, a flow regime residence time of at least about 
20 seconds is provided to effectively complete the 
nitrile hydrolysis before dilution of the reaction 
solution for carrying out the amide hydrolysis. FIG. 2 

20 illustrates such an arrangement. The aqueous hydrolysis 
mixture leaving the back-mixed reaction zone 12 is 
preferably not removed from the suction side of a pump 
22, but is instead transferred through the circulating 
line 14 via the pmttp 22 to a forward flow port 26 located 

25 on the circulating line a distance sufficiently 

downstream of the pximp to provide a flow reaction regime, 
preferably a plug flow section in which a portion of 
residual nitrile is cons\imed. Advantageously, the 
forward flow port 26 is so located to provide a residence 

30 time of at least about 3 seconds, generally between about 
3 seconds to about 15 seconds, and preferably between 
cibout 5 seconds and about 10 seconds in the circulating 
line 14 upstream of port 26 to promote reaction of 
residual nitrile. Because of the siibstantial voliime of 

35 the aqueous hydrolysis mixture that is circulated through 
the heat exchanger 24 for removal of the heat of 
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reaction, the flow regime in the circulating line is 
readily maintained in a turbulent regime, so that the 
portion of the circulating line 14 between the point of 
withdrawal from CSTR 10 and port 26 functions essentially 
5 as a plug flow reactor. 

A portion of the circulating ac[ueous hydrolysis 
mixture is removed as a nitrile hydrolysis reactor 
product stream from forward flow port 26, while the 
remainder of the circulating stream flows back to CSTR 

10 10. In order to assure tliat residual nitrile is most 

effectively reduced, a flow regime residence time of at 
least about 30 seconds, preferably between about 30 
seconds and about 5 minutes, more preferably between 
about 30 seconds and about 3 minutes and, more preferably 

15 between about 2 minutes and about 3 minutes is provided 
for completion of the nitrile hydrolysis reaction in a 
flow regime nitrile extinction reaction region 
constituted of the portion of the circulation line 
between the exit of the CSTR 10 and the forward flow port 

20 26 together with the nitrile hydrolysis reactor product 
transfer line 28 upstream of dilution point 30. Since, 
as discussed above, a residence time of between about 3 
seconds and about 15 seconds is advantageously provided 
between the point of withdrawal from the CSTR 10 and the 

25 port 26, the transfer line 28 is preferably configured to 
provide a residence time of between about 10 seconds and 
about 5 minutes, more preferably between about 30 seconds 
and about 5 minutes and, most preferably, between about 1 
minute and about 3 minutes • In order to provide the 

30 requisite residence time without excessive flow velocity 
and pressure drop, transfer line 28 may be configured for 
laminar flow but, whatever the flow conditions, at least 
one equivalent back-mixed reaction zone is provided in 
this transport line. The transfer line 28 can also be 

35 configured for turbulent flow. Preferably, the velocity 
is such as to provide the equivalent of at least about 
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two equivalent back-mixed reaction zones / more preferably 
between about 3 and about 5 sequential back mixed 
reaction zones in the aforesaid nitrile extinction 
reaction region. In a particularly preferred embodiment, 
5 the residual HMBN in the nitrile hydrolysis reactor 

product stream at the point of dilution 3 0 is not greater 
than about 0.01 wt.% based on the sxim of the HMBA and 
amide contained in the nitrile hydrolysis reactor product 
stream. 

10 The transfer line 28 is preferably configured as a 

vertical downcomer so that nitrogen or other gases that 
may become entrained in the acpieous hydrolyzate mixture 
in the CSTR 10 can be disengaged from the downward 
flowing liquid and vented through the top of the 

15 downcomer transfer line 28. Although a horizontal 

configuration can be used, any gases could disengage from 
forward flow in a horizontal line and accuimilate, 
reducing effective liquid voliame in the line. 

As the nitrile hydrolysis reactor product stream is 

20 transferred downstream of the forward flow port 26, it is 
mixed with a water stream amd any divided portion of the 
mineral acid flow in an in-line mixer 32 to form a 
finishing reaction stream. The nitrile hydrolysis 
reactor product stream is mixed with the water stream and 

25 any acid stream to assure that a homogeneous liquid 
mixture is introduced to the amide hydrolysis flow 
reactor 16. Any water stream also further dilutes 
mineral acid within the finishing reaction stream, 
provides reaction water to be consumed during amide 

30 hydrolysis, ajid reduces the viscosity of the finishing 

reaction stream. When sulfuric acid is used, dilution of 
the nitrile hydrolysis reactor product stream may avoid 
liquid phase separation or precipitation of ammonium 
bisulfate within the amide hydrolysis flow reactor 16. 

35 Ammonium chloride will typically precipitate when 

hydrochloric acid is used for hydrolysis. The water 
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stream is typically introduced at a rate that provides 
sulfuric acid strength in the finishing reaction stream 
of between about 30% and about 50% by weight on an 
organic- free basis, preferably between about 35% to about 
5 45% by weight, more preferably about 43% by weight. If 
about 30% to about 38% by weight hydrochloric acid is 
used, water addition is not required. The hydrochloric 
acid strength in the finishing reaction stream is between 
about 30% and about 40% by weight on an organic -free 

10 basis, preferably between about 35% to about 3 8% by 
weight, more preferably about 36% by weight. 

The water stream can be heated before being mixed 
with the nitrile hydrolysis reactor product stream to 
form the finishing reaction stream, or the finishing 

15 reaction stream can be heated before being fed to the 

amide hydrolysis flow reactor 16 to provide the desired 
reactor operating temperature. Typically, the water 
stream is heated to a temperature of between about 60 
and about 100 ®C, preferably between about 70 and 

20 about 90 ^'C, and, more preferably between about 75 °C and 
about 80 ®C. If the water is not preheated or the 
temperature of the finishing reaction stream is too low, 
the stream can be brought to the requisite temperature in 
a preheater 34. The residence time of the finishing 

25 reaction stream between the point of dilution 30 and the 
inlet to the amide hydrolysis flow reactor is not 
critical. The finishing reaction stream is well mixed 
within this region and then enters the amide hydrolysis 
flow reactor 16. 

30 In the amide hydrolysis flow reactor, some of the 

residual HMBN is hydrolyzed to form additional amide and 
cimide is substantially hydrolyzed to form HMBA. 
Preferably, the molar ratio of water to amide fed to the 
amide hydrolysis flow reactor is between about 5 and 

35 about 10. The flow rate of the finishing reaction stream 
is preferably operated to maintain suitable velocity 
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within the amide hydrolysis flow reactor to maintain 
turbulence and minimize axial back mixing therein. 

As indicated above, at a given residence time in the 
amide hydrolysis flow reactor, it has been found that 
5 conversion may be substantially increased by increasing 
the mineral acid/nitrile molar ratio in the feed. 
Experience has shown that in some instances steady state 
is obtained in about two hours during start up when the 
sulfuric acid/nitrile molar ratio is 1,0, yet steady 

10 state conditions, and complete conversion, may be 
obtained almost immediately when the sulfuric 
acid/nitrile molar ratio is 1.2. Rapid establishment of 
steady state conditions enables consistent production of 
a high quality hydrolyzate product that comprises up to 

15 about 0.05 wt.% amide and up to about 0.05 wt.% nitrile 
upon leaving the amide hydrolysis flow reactor 16. 

The expense of the excess mineral acid, however, may 
be prohibitive if an increased mineral acid/nitrile molar 
ratio is maintained during routine operation of the 

20 process after steady state conditions are established. 
Thus, it is preferable to use a sulfuric acid/nitrile 
molar ratio of between about 1.0 and about 1.5, 
preferably between sibout 1.15 and aJDOut 1.25, only from 
initial start up until steady state conditions are 

25 established in the amide hydrolysis flow reactor in order 
to avoid preparation of of f- specification hydrolyzate 
product during start-up. Such a molar ratio is obtained 
when the molar excess of sulfuric acid added to the amide 
hydrolysis flow reactor 16 is between about 0 and about 

30 50%, preferably between about 15 and about 25%, over that 
stoichiometrically equivalent to the amide and HMBN 
introduced to the amide hydrolysis flow reactor. After 
steady state is established, the sulfuric acid/nitrile 
molar ratio can then be adjusted to, and maintained at, a 

35 more cost effective molar ratio of between about 0.9 and 
about 1.2, preferably between about 0.95 and about 1.05. 
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The water feed rate into the mixer 32 may be increased to 
avoid liquid phase separation of organic and aqueous 
phases when a sulfuric acid/nitrile molar ratio below 1.0 
is used. When hydrochloric acid is used for the 
5 hydrolysis, the hydrochloric acid to nitrile molar ratio 
during steady state is between cd?out 1.0 and about 1.5, 
preferably between about 1.05 and about 1.3, and more 
preferably between about 1.1 and about 1.2. Such a molar 
ratio is obtained when the molar excess of hydrochloric 

10 acid added to the amide hydrolysis flow reactor 16 is 

between about 0 and about 50%, preferably between about 5 
and about 30%, more preferably between about 10 and about 
20%, over that stoichiometrically equivalent to the amide 
and HMBN introduced to the amide hydrolysis flow reactor. 

15 It has been discovered that operation of the cimide 

hydrolysis flow reactor at a high mineral acid/nitrile 
molar ratio during start up improves conversion of amide 
to HMBA within the amide hydrolysis flow reactor 16 
without darkening the color of the hydrolyzate product. 

20 Despite the increased severity of reaction conditions 
provided by a high acid/nitrile ratio, it has 
unexpectedly been discovered that acid/nitrile molar 
ratio does not significantly affect hydrolyzate color. 
Moreover, the high acid to nitrile molar ratio also 

25 allows amide hydrolysis flow reactor operation at a lower 
temperature during steady state operation, therefore 
producing a light colored hydrolyzate product. 

The hydrolyzate product leaving the amide hydrolysis 
flow reactor 16 has a light color of between about 5 to 

30 about 10, preferaibly between about 5 to about 7, as 

measured using a Gardner colorimeter. Color is adversely 
affected by excessive amide hydrolysis flow reactor 
tenqperatures and residence time within the amide 
hydrolysis flow reactor 16 . The amide hydrolysis flow 

35 reactor operates at a temperature between about 70 ®C eind 
about 120 ^'C. When the amide hydrolysis flow reactor is 
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Operated adiabatically, the temperature rises along the 
flow path as the reaction product absorbs the adiabatlc 
heat of reaction, reaching a point on the flow path (hot 
spot) at which the temperature reaches a plateau, and 
5 beyond which it may drop slightly if conditions are less 
than perfectly adiabatic. The peak temperature in the 
amide hydrolysis flow reactor is preferably between about 
90*^0 and about 120 **C, more preferably between about 90 ^'C 
and about 105 °C. The residence time of the finishing 

10 reaction stream within the amide hydrolysis flow reactor 
is between about 30 minutes and about 100 minutes, 
preferably between about 50 minutes and about 70 minutes. 
When the amide hydrolysis flow reactor is operated at a 
temperature above 110 ^'C, a darker hydrolyzate may be 

15 produced. However, an amide hydrolysis flow reactor 

temperature below 90 «*C may result in incomplete amide 
hydrolysis unless a higher acid to nitrile molar ratio is 
employed. Darkening of the hydrolyzate product can also 
occur if the residence time exceeds about 120 minutes, A 

20 light colored hydrolyzate product is produced when an 

acid/nitrile molar ratio of between about 1.1 and about 
1.5 is used during start up and normal operation when the 
amide hydrolysis flow reactor IS is operated at a 
moderate temperature of between about 70 and about 95 **C, 

25 preferably between about 80 ®C and about 90 *'C. The 

amide hydrolysis flow reactor temperature can be reduced 
when it is operated adiabatically by lowering the 
temperature of the water stream entering the mixer 32 . 
If the finishing reaction stream is introduced into the 

30 preheater 34 (FIG. 1) before it is introduced to the 

cimide hydrolysis flow reactor, the heat applied to the 
preheater can be reduced to lower the amide hydrolysis 
flow reactor operating temperature. Alternatively, 
cooling and/or heating may be provided to control the 

35 amide hydrolysis flow reactor temperature when the amide 
hydrolysis flow reactor is operated isothermally . When a 
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second CSTR 3 6 precedes the amide hydrolysis flow reactor 
16 as shown in FIG. 3, a darkened hydrolyzate product may 
be produced if the operating temperature of the second 
CSTR is too high. A light colored hydrolyzate product is 
5 produced when the above described acid/nitrile molar 
ratio is used and the second CSTR is operated at a 
moderate temperature of between about 70 and about 95 °C, 
preferably between about 80 ®C and about 90 ®C. 

The flow reactors best suited for use in the amide 

10 hydrolysis process of the invention are plug flow 

reactors configured for operation at a Peclet number of 
at least 50 at a PFR operating temperature of at least 90 
<*C, The Peclet number (Pe) is a measure of axial back 
mixing within the PFR as defined by the following 

15 equation: 

Pe = uL/D 

where: u=velocity, L=length, and D=axial dispersion 
coefficient. The Peclet ntimber of a PFR is inversely 
proportional to axial back-mixing. Axial back mixing is 
20 effectively minimized when the Peclet niimber is at least 
50, preferably between about 50 and about 200 or more, 
and residence time is between about 40 and about 100 
minutes, preferably between about 50 and about 60 
minutes . 

25 The PFR 16 of the present invention may be a 

pipeline PFR or a packed colxomn PFR filled with a packing 
material. The amide hydrolysis reaction is non-zero 
order, but the kinetics of reaction have been found 
sufficiently favorable that high conversion may be 

30 realized within the relatively modest residence times 

noted above, and without substantial pressure drop. More 
particularly, it has been found that, where the nitrile 
has been sxibstantially converted to amide, and the 
nitrile concentration is not greater than about 2% by 

35 weight in the stream entering the plug flow reactor, the 
residual amide and nitrile concentrations may each be 
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HMBA basis in a pipeline reactor that is operated with a 
velocity of the reacting stream in the turbulent flow 
range regime, for example, at a Reynolds number of at 
5 least about 3000, preferably at least about 5000. 

Provided that the nitrile/amide ratio of the finishing 
reaction stream entering the reactor is not greater than 
about 1% by weight in the stream entering the PFR, the 
amide and nit rile concentrations in the reaction product 

10 may each be reduced to not greater than about 0.1% by 

weight, HMBA basis. For the relatively modest . residence 
time required to achieve such conversion, a PFR reactor 
can be operated at turbulent velocity without excessive 
pressure drop. Moreover, it has been found that the 

15 desired conversion may be attained at a modest operating 
temperature, in the range of between 90**C and about 
105**C, which does not require a high pressure reactor, 
and which allows the preparation of a product having a 
light color. 

20 Alternatively, a packed column PFR may be used to 

carry out the final hydrolysis reaction. By use of 
structured packing, a packed colximn reactor may be 
operated at a significantly lower velocity than a 
pipeline reactor without significant back mixing due to 

25 wall effects or channeling. The packing promotes 

turbulence and radial mixing, and minimizes social back 
mixing, dead spots and channelling of flow so that all 
fluid elements travel through the PFR in about the same 
residence time. Thus, a packed colujcrai reactor may have a 

30 substantially greater diameter and a more compact 
configuration than a pipeline reactor. It is 
particularly advantageous where reactants or products are 
of high viscosity. 

However, for the process of the invention, it has 

35 been found that a pipeline reactor, i.e., an elongate 

tubular reactor substantially devoid of internal packing 
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or other internal flow obstructions, is preferred. While 
a slightly greater degree of axial back mixing per unit 
length may be incurred in a pipeline reactor, the 
kinetics of the nitrile and amide hydrolysis have been 
5 discovered to allow nearly quantitative conversion with 
the modest residence times and low pressure drops 
described above. Because of low pressure drop incurred 
even at high velocity in a reactor suitable for the 
process of the invention, a pipeline reactor may be 

10 configured, i.e., with a high L/D (length to diameter) 

ratio, to operate at a very high Peclet number, typically 
in excess of 200, and readily in excess of 2000. 
Additionally, a pipeline reactor for the process of the 
invention can be constructed of relatively ine3q>ensive 

15 materials of construction, e.g., teflon- lined carbon 
steel pipe. For a packed column reactor, more exotic 
materials of constrxiction may be required^ A pipeline 
reactor also affords greater flexibility since it can be 
operated at a much greater turndown ratio than a packed 

20 column, in the latter of which conversion declines 
sharply below a well defined threshold velocity. 
Threshold velocity in a packed column is attained in the 
transition between laminar and turbulent flow. 

The amide hydrolysis flow reactor 16 is insulated to 

25 compensate for heat losses to the atmosphere. The heat 
of reaction generated during the amide hydrolysis is 
sufficient for autothermal operation under adiabatic 
conditions. Advantageously, the finishing reaction 
stream can enter the amide hydrolysis flow reactor at a 

30 temperature below the reaction temperature for the amide 
hydrolysis. During autothermal operation, the heat of 
reaction generated by amide hydrolysis increases the 
temperature within the amide hydrolysis flow reactor, 
lessening the likelihood that a hot spot will form 

35 therein. The temperature profile in the amide hydrolysis 
flow reactor can be measured through several temperature 
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sensors Tj (FIGS. 1-4) along the length of the reactor. 
The water feed temperature can be adjusted to achieve the 
desired temperature profile in the amide hydrolysis flow 
reactor by increasing or decreasing the heat supplied to 
5 the water feed stream by the water heater 38 before it 
enters the mixer 32 to form the finishing reaction 
stream* Additionally, the temperature of the finishing 
reaction stream exiting the mixer 32 can be raised 
through the use of preheater 34 to increase the amide 

10 hydrolysis flow reactor operating tertperature . 

Although residual nitrile hydrolyzes in the inlet 
portion of the amide hydrolysis flow reactor, the nitrile 
hydrolysis should proceed sufficiently to completion in 
the CSTR 10 and in the nitrile extinction reaction region 

15 comprising the portion of the circulation zone upstream 
of the forward flow port and the zone within which the 
nitrile hydrolysis reactor product stream flows between 
the forward flow port 26 and the point of dilution 30. 
Heat of reaction from hydrolysis of substantial 

20 quantities of nitrile in the amide hydrolysis flow 

reactor potentially creates hot spots within the reactor. 
Although hot spot temperatures of as much as 110 **C to 
about 120 can be tolerated within the amide hydrolysis 
flow reactor, the hydrolyzate product can darken 

25 significantly under such conditions. Substantially 

extinguishing the nitrile within the nitrile hydrolysis 
reactor product stream allows for operation of the amide 
hydrolysis flow reactor at a lower temperatur.e to provide 
a light colored finished aqueous hydrolyzate product. 

30 The amide hydrolysis flow reactor operates at a 

total pressure of between about 0 and about 15 psig. A 
pressure control valve at the outlet of the amide 
hydrolysis flow reactor provides up to 15 psig back 
pressure to avoid boiling in the reactor system when the 

35 amide hydrolysis flow reactor operates at a temperature 
higher than 105 
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Advantageously, amide hydrolysis samples may be 
withdravm from sample valves S (PIGS. 1-4) and analyzed 
via gas chromatography to determine the amide hydrolysis 
composition profile along the length of the amide 
5 hydrolysis flow reactor. Once steady state conditions 

are established, a hydrolyzate sample can be removed from 
the amide hydrolysis flow reactor outlet every eight to 
twelve hours and cjuantitatively analyzed to monitor 
product quality. 

10 The finished aqueous hydrolyzate product exiting the 

amide hydrolysis flow reactor 16 flows through a cooler 
40 before being stored in a hydrolyzate product surge 
tank 42. The nitrile hydrolysis reactor, the amide 
hydrolysis reactors and the hydrolyzate product surge 

15 tank utilized in the processes of the present invention 

are operated under the same overhead pressure (preferably 
about 10 psig) by einploying a common vent header that is 
blanketed with nitrogen and controlled by a pressure 
controller that relieves pressure by venting gases to an 

20 incinerator header when pressure exceeds about 15 psig. 

Venting may remove volatile organic sulfur compounds such 
as methyl sulfide, methyl disulfide, and methyl 
mercaptan, which are by-products of the reaction. The 
vapor emissions are less than 0.5 scf per 1000 lbs, HMBA 

25 product, usually less than 0.3 scf per 1000 lbs. product. 
Emissions of 0.2 scf/1000 lbs. HMBA and even lower are 
readily achievable, especially where only a single CSTR 
is used. 

HMBA, or a salt or derivative thereof, can be 
30 recovered from the aqueous hydrolyzate product for use in 
making animal feed supplements. For example, the HMBA in 
the hydrolyzate can be recovered for use in a lic[uid 
phase animal feed supplement comprising between about 80% 
and about 98% by weight, preferably between about 80% and 
35 about 95% by weight, of the total of weight proportions 
of HMBA, and between about 2% and about 20% by weight, 
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preferably between about 5% and about 20% by weight 
water, and having a color of not greater than about 8 as 
measured on the Gardner scale, a kinematic viscosity at 
25 ®C as measured by a Cannon- Fenske viscometer of not 
5 greater than about 500 centistokes, preferably 90 

centistokes, and which, upon subjection to accelerating 
rate colorimetry exhibits neither exothermic nor 
endothermic thermochemical effects at any temperature 
less than about 150 <>C. 

10 The HMBA can be recovered from the finished aqueous 

hydrolyzate product by neutralization with ammonium 
hydroxide as described by Hernandez et al. U.S. Patent 
No. 4,912,257, which is incorporated herein by reference, 
or by extraction methods such as that described by Ruest 

15 et al, U.S. Patent No. 4,524,077, which is incorporated 
herein by reference. 

WO 96/01808, WO 96/01809, cind WO 96/05173, which are 
incorporated herein by reference, describe methods for 
preparation of an ammonium salt of HMBA, for preparation 

20 of concentrated HMBA by sulfuric acid hydrolysis of 
nitrile, and for recovery of HMBA by thin film 
evaporation with solvent recovery, respectively. More 
particularly, WO 96/01808 describes preparation of an 
ammonium salt by neutralizing the finished aqueous 

25 hydrolyzate product and using solvent extraction to form 
an organic phase containing HMBA and an ammonium acid 
salt aqueous phase. The application states that the 
organic phase is then treated with ammonia to form a 
second aqueous phase containing an ammonium salt of HMBA 

30 and an organic solvent phase, and the ammonium salt of 

HMBA is recovered from the second aqueous phase . Ammonia 
is said to be recovered by treating the ammonium acid 
salt solution with sodium hydroxide to form sodium 
chloride or sodioom sulfate which may be more easily 

35 disposed of. WO 96/01809 describes formation of 

concentrated HMBA by extracting a finished aqueous 
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sulfuric acid hydrolyzate product with an organic solvent 
to form an HMBA- containing organic phase and an aqueous 
phase, and evaporating the HMBA- containing organic phase 
to provide concentrated 98% HMBA containing less than 4 
5 wt.% water • WO 96/05173 describes recovery of HMBA by 
evaporating a finished aqueous sulfuric acid hydrolyzate 
product to obtain a practically water- free, HMBA- 
containing salt residue, treating the residue with an 
organic solvent to form a suspension, separating the 

10 solids from the suspension to form an HMBA- containing 
solution, removing the organic solvent from the HMBA- 
containing solution to obtain an HMBA residue, and adding 
water to the HMBA residue to form an HMBA solution. 

The prior art includes various other methods for 

15 recovery of an HMBA or HMBA salt product, including at 
least several which have been practiced commercially. 
Whatever process may be selected by one skilled in the 
art for recovery of HMBA product from a hydrolyzate, 
advantages accrue from initial preparation of the aqueous 

20 hydrolyzate product according to the processes of the 
present invention. The hydrolyzate produced in 
accordance with the invention is highly suited for use in 
any operative process for recovery of the product acid or 
salt. 

25 Salts of HMBA can also be prepared from the finished 

aqueous hydrolyzate product by methods described by 
Cummins et al, U.S. Patent No. 4,310,690, Nufer U.S. 
Patent No. 3,272,860, and Blake et al, U.S. Patent Nos. 
2,93 8,053 and 2,745,745, which are incorporated herein by 

30 reference. Cummins describes preparation of a calcium 

salt of HMBA by mixing an aqueous hydrolyzate containing 
HMBA and ammonium chloride with a mixture of sodium 
chloride and a calcium salt, reacting the mixture with 
sodium hydroxide, reacting the resulting solution with a 

35 calcium hydroxide slurry to form the calcium salt of 

HMBA, and separating the calcium salt of HMBA. Blake et 
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al. describe formation of ammonimn and calcixim salts of 
HMBA by neutralizing sulfuric acid in an aqueous 
hydrolyzate containing HMBA and ammonium sulfate by 
adding calcium hydroxide, filtering the mixture to remove 
5 calcium sulfate, reacting the filtrate with a calcium 

hydroxide slurry, filtering the mixture to remove calcium 
sulfate, and drying the filtrate to recover a composition 
containing a calcium salt of HMBA, an ammonium salt of 
HMBA, and small amounts of calcium sulfate and water. 

10 Blake et al. also describe preparation of the calcium 
salt of HMBA by reacting calciimi carbonate with an 
aqueous hydrolyzate containing HMBA, sulfuric acid, and 
ammonium sulfate to form the ammonium salt of HMBA and 
calcixam sulfate, separating the calcium sulfate, reacting 

15 the remaining liquid with calcium hydroxide to form the 
calcium salt of HMBA and ammonixim hydroxide, heating the 
mixture to decompose ammonium hydroxide and drive off 
ammonia, filtering the resulting mixture to remove 
calcium sulfate and calcivim hydroxide, and evaporating 

20 water from the mixture to form a concentrated slurry of 

the calcium salt of HMBA, filtering the slurry and drying 
the filter cake to obtain the calcium salt of HMBA. 
Nufer describes formation of a calcixam salt of HMBA by 
mixing HMBA with a monoalkyl ether of ethylene glycol, 

25 reacting the mixture with a calcium oxide -ethylene glycol 
ether slurry, filtering the resulting slurry, and drying 
the filter cake to recover the calcium salt of HMBA. 
Other methods of forming salts or derivatives of HMBA are 
well known, and include methods of preparing salts of 

30 HMBA by direct reaction of a metal oxide or other base 

with isolated or partially isolated HMBA as described in 
U.S. Patent Nos. 4,855,495, 4,579,962, and 4,335,357, 
which are incorporated herein by reference. 

FIG. 3 illustrates an embodiment of the present 

35 invention wherein the amide hydrolysis reaction is 

conducted in the amide hydrolysis flow reactor 16 and a 
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second CSTR 36 upstream of the amide hydrolysis flow 
reactor • The second CSTR enables easy handling of the 
viscous amide, thoroughly mixes the amide hydrolysis 
mixture with the dilution water and any divided portion 
5 of the mineral acid stream within the second CSTR and 
controls the temperature of the finishing reaction 
stream, resulting in a relatively low viscosity of the 
latter stream as introduced into the amide hydrolysis 
flow reactor- The nitrile hydrolysis reaction takes 

10 place in CSTR 10 and the nitrile hydrolysis reactor 

product stream exiting the CSTR 10, a water feed stream, 
and any divided portion of a mineral acid stream via line 
20 are introduced into the second CSTR 36 wherein a 
sxxbstantial portion of the amide is hydrolyzed to HMBA. 

15 For purposes of the present invention, a substantial 

portion of the amide is hydrolyzed when more than 50% by 
weight, preferably between about 50% and about 80% by 
weight, of the amide is hydrolyzed to HMBA. The 
residence time during which the amide hydrolysis mixture 

20 is contained within the second CSTR 36 is between about 

30 minutes and about 80 minutes, preferably between about 
40 minutes and about 60 minutes. The residence time 
within the second CSTR 36 is computed by dividing the 
liquid volume of the second CSTR by the volumetric flow 

25 rate of the finishing reaction stream exiting the second 
CSTR. The liquid level in the second CSTR can be 
controlled by gravity overflow to the amide hydrolysis 
flow reactor 16 or preferably by positive level control 
as previously described. 

3 0 The amide hydrolysis reaction is initiated in the 

second CSTR at a temperature between about 70 ^'C and 
about 120 ^C, preferably between about 90 ^C said about 
105 °C, and at a total pressure of between about 0 and 
cUoout 15 psig- Conversion to HMBA is generally improved 

35 by operating the second CSTR at an elevated temperature 

between about 90 ^'C and about 110 ^C. The second CSTR 36 
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is typically provided with a steam heated jacket in order 
to maintain the operating temperature. If the 
temperature sensors Tj (FIG, 3) detect a hot spot within 
the amide hydrolysis flow reactor, the operating 
5 temperature of the second CSTR can be lowered. 

The amide hydrolysis reaction is substantially 
carried out in the second CSTR, producing a finishing 
reaction stream that is introduced into the amide 
hydrolysis flow reactor 16. The finishing reaction 

10 stream comprises at least about 30 wt.% HMBA, at least 
about 17 wt.% ammonium salt, at least about 15 wt.% 
water, up to about 10 wt.% amide and up to about 1 wt.% 
nitrile. Preferably, the finishing reaction stream 
comprises between about 30 and about 50 wt.% HMBA, 

15 between about 17 and about 30 wt.% ammonium salt, between 
about 15 and about 30 wt.% water, between about 1 and 
about 6 wt.% amide and up to about 0.1 wt.% nitrile. 
When sulfuric acid is used, the finishing reaction stream 
comprises at least about 31 wt.% HMBA, at least about 20 

20 wt.% ammonium salt, such as ammoniiim bisulfate or 

ammonium sulfate, at least about 20 wt,% water, up to 
about 5 wt.% amide and up to about 1 wt.% nitrile, and 
preferably between about 32 and about 42 wt.% HMBA, 
between about 20 and about 30 wt.% ammonitmi salt, between 

25 about 22 and about 30 wt.% water, between about 2 and 
about 4 wt . % amide and up to about 0.1 wt . % nitrile . 
When hydrochloric acid is used, the finishing reaction 
stream comprises at least about 45 wt.% HMBA, at least 
about 17 wt.% ammonium chloride, at least about 15 wt.% 

30 water, up to about 8 wt.% amide and up to about 1 wt.% 
nitrile and, preferably between about 45 and about 50 
wt.% HMBA, between about 17 and about 19 wt.% ammonium 
chloride, between about 18 and about 22 wt.% water, 
between about 2 and about 6 wt.% amide and up to about 

35 0.1 wt.% nitrile. The amide hydrolysis is then completed 
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within the amide hydrolysis flow reactor as described 
above for FIG. 1. 

FIG. 4 is a preferred, modified process of the 
process shown in FIG. 3. Residence time of the nitrile 
5 hydrolysis reactor product stream is prolonged between 
the hydrolysis reactor outlet and the second CSTR to 
extinguish residual nitrile as described above regarding 
FIG. 2. When the nitrile hydrolysis reactor product 
stream is diluted with water and/or any divided portion 

10 of the mineral acid, an amide hydrolysis stream is formed 
which is fed to the second CSTR. Amide hydrolysis occurs 
in the second CSTR to produce a finishing reaction stream 
to be transferred to the amide hydrolysis flow reactor. 
FIGS. 5 and 6 illustrate a preferred embodiment of 

15 the invention wherein the CSTR 10 can be adapted in the 
processes shown in FIGS. 1 through 4 to receive 
concentrated sulfuric acid, HMBN, and water feed streams. 
The HMBN and water feed stream are fed directly to the 
CSTR. The concentrated sulfuric acid stream is either 

20 mixed with the circulating stream in the circulating line 
or is fed directly to the CSTR. The concentrated 
sulfuric acid stream may be fed directly to CSTR 10 but 
is preferably fed via line 44 to the circulating line 
downstream of the heat exchauiger 24 so that the 

25 concentrated acid stream is thoroughly mixed with the 

aqueous hydrolysis mixture before it is returned to the 
CSTR 10. When all streams are simultaneously fed to the 
CSTR, sulfuric acid is diluted in the reactor as the 
nitrile hydrolysis reaction occurs. In either case, a 

30 separate acid dilution system is not required and 
associated installation and maintenance costs are 
avoided. The concentrated sulfuric acid introduced into 
the aqueous hydrolysis mixture has a strength of between 
about 70% by weight and about 99% by weight, preferably 

35 between about 90% by weight and about 98% by weight. The 
aqueous hydrolysis mixture within the CSTR 10 has a 
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strength of between about 50% by weight and about 70% by 
weight, preferably between about 60% by weight and about 
70% by weight of sulfuric acid on an organic -free basis • 
The aqueous hydrolysis mixture is continuously pumped 
5 through an external heat exchanger 24 at a high 

circulation rate to remove heat of reaction* A pump 22 
circulates the aqueous hydrolysis mixture between CSTR 10 
and an external heat exchanger 24, in which exothermic 
heat of reaction is removed by transfer to a coolant, 
10 The heat exchanger also removes the heat generated by 

dilution of sulfuric acid when concentrated sulfuric acid 
is fed directly to reactor 10. 

The process of the present invention provides an 
improved method for preparing -HMBA. High productivity 
15 can be achieved using such a process because it can be 

operated continuously to provide greater throughput than 
a conventional batch process. The process significantly 
reduces capital and maintenance costs associated with 
batch processes, for example, by eliminating the need for 
20 separate sulfuric acid dilution when concentrated 

sulfuric acid is introduced to a reactor without prior 
dilution. The process also affords improved control of 
reaction conditions as compared to conventional batch 
hydrolysis systems. Such improved control of the 
25 hydrolysis reactions enables production of a hydrolyzate 
product of consistently high quality. The process vent 
emissions are significantly reduced as coirpared to 
conventional batch systems because filling and einptying 
of tanks and operation at non- steady state conditions is 
30 eliminated. 

The following examples are presented to describe 
preferred embodiments and utilities of the present 
invention and are not meant to limit the present 
invention unless otherwise stated in the claims appended 
35 hereto. 
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EXAMPLE 1 

Bench scale equipment as shown in PIG. 7 was used to 
demonstrate the continuous hydrolysis process. 

Nitrile (2-hydroxy-4-methylthiobutanenitrile) and 
5 65% aqueous sulfuric acid were continuously pumped at 

rates of 1.01 g/min and 1.167 g/min, respectively, into a 
well -mixed recirculating reactor 46 having a liquid 
volume of 42.1 milliliters. The reaction temperature was 
controlled at 65 ^'C through cooling jackets provided on 

10 the recirculating reactor loop, which removed the heat 

released from the nitrile hydrolysis reaction. A pvxxxp 48 
recirculated the aqueous hydrolysis mixture in the 
reactor loop. The residence time of the reactor 46 based 
on the total feed rate was 25.4 minutes. At the outlet 

15 of the reactor, a sample was periodically removed during 
steady state conditions. All sainpling ports are 
designated with an S in FIG. 7. The sample was analyzed 
by a gas chromatographic method to determine the 
hydrolyzate product composition leaving the reactor. The 

20 gas chromatography result showed that practically all 
nitrile feed was hydrolyzed and converted to amide and 
approximately 15% of the formed amide was further 
hydrolyzed in this reactor to form HMBA, the final 
hydrolysis product. 

25 The amide rich hydrolyzate leaving the recirculating 

reactor 46 was fed continuously into the second 
recirculating reactor 50 which is similar to the first 
recirculating reactor 46 but has a liquid volume of 119.3 
milliliters. A water feed at 0.57 g/min was also 

3 0 introduced into the second well -mixed reactor that 
provided a residence time of 52.6 minutes. The 
temperature of this reactor loop was maintained at 102 «C 
via a heating fluid jacket provided on the recirculating 
reactor loop. A piamp 52 recirculated the hydrolyzate in 

35 the reactor loop. An outlet sample from the reactor 50 
was obtained and analyzed by gas chromatography which 
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revealed that approximately 94.5% of the feed amide was 
hydrolyzed to HMBA. 

The outlet from the second recirculating reactor 50 
continuously entered the final finishing reactor that was 
5 constructed of a series of four coils 54 of Teflon 
tubing. The finishing reactor was placed inside a 
constant temperature oven 56 for preventing heat losses 
to the ambient, thus maintaining a temperature of 102 
throughout the reactor coils 54* This isothermal PFR 

10 having a total liquid volume of 91 milliliters and a 

corresponding 43 minutes residence time was designed to 
assure completion of the amide hydrolysis. In this case, 
the hydrolysis of amide was completed at the outlet of 
the third coil 58 . The hydrolyzate product taken from 

15 the outlet of the PFR was analyzed and contained 35% 
HMBA, with the remaining material being water and by- 
product ammonium bisulfate. The color of the hydrolyzate 
product was 6-7 on the Gardner color scale. 

EXAMPLES 2-9 

20 The same continuous bench scale equipment as used in 

Example 1 was also used to determine the effect of 
residence time and reaction temperature on conversion. 
The acid to nitrile feed ratio of each example was 
maintained at approximately a 1.0 molar stoichiometric 

25 ratio. At the outlet of each recirculating reactor and 
the end of each coil of the PFR, a sample (indicated as 
RECIRC and S, respectively, in Tables 1-8 below) was 
removed during steady state conditions and was analyzed 
by a gas chromatographic method to determine the 

30 hydrolysis mixture coirposition leaving the reactor or 
coil. The hydrolysis mixture composition and the 
temperature and residence time in each reactor or coil 
are shown in Tables 1-8 below. The remainder of the 
product included water and ammoniiam bisulfate. The 

35 results, based on various feed rates (1.01-2.33 
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grams /min, nitrile feed) and temperatures (60-65 **C for 
nitrile hydrolysis and 90-120 °C for amide hydrolysis) 
illustrate that increasing residence time and reaction 
temperatures improves the conversion of both hydrolysis 
5 reactions. However, increasing temperatures also 
resulted in an increase in product color. 



EXAMPLE 2 

Nitrile at 1.01 g/min was fed to the first 
recirculating reactor, along with 1.15 g/min 64.7% 
sulfuric acid, giving a 0.99 acid/nitrile molar ratio. A 
water feed at 0.55 g/min was also introduced into the 
second recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
each reactor or coil are shown in Table 1 below. 

TABI.E 1 

RECIRC-I RECIRC-II SI S2 S3 

Temperature 

(oc) 64 103 104 104 104 

Residence Time 

(min) 25 53 11 H H 

" Hydrolysis Mixture Composition (wt.%) 

Nitrile 0.11 trace trace trace trace 

HMBA 8.3 34 33 35 33 

Amide 38 2.7 0.70 0.12 0.03 



Hydrolyzate Product Color; 6-7 on Gardner scale 



EXAMPLE 3 

Nitrile at 1.01 g/min was fed to the first 
recirculating reactor, along with 1.16 g/min 64.7% 
sulfuric acid, giving a 0.99 acid/nitrile molar ratio. A 
water feed at 0.54 g/min was also introduced into the 
second recirculating reactor. The hydrolysis mixture 
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composition and the temperature and residence time in 
each reactor or coil are shown in Table 2 below. 
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RECIRC-I 


KECIRC-II 


SI 


S2 


S3 


Temperature 
{«»C) 62 
Residence Time 


98 


102 


102 


102 


(min) 25 


53 


11 


11 


11 


Hvdrolvsls Mixture ComDOsltlon (wt 






Nitrile 0.22 


0.05 


0.05 


trace 


0.035 


HMBA 7.8 
Amide 35 


33 
3.5 


38 

0.81 


38 
0.18 


39 
0.09 



15 Hydrolyzate Product Color: 5-6 on Gardner scale 



SXAMP£.E 4 

Nitrile at 1.43 g/min was fed to the first 
20 recirculating reactor, along with 1.65 g/min 64.7% 

sulfuric acid, giving a 0.99 acid/nitrile molar ratio. A 
water feed at 0.76 g/min was also introduced into the 
second recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
25 each reactor or coil are shown in Table 3 below. 
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TABLE 3 

RECIRC-I RECIRC-II SI S2 Si 

Temperature 

(OC) 65 105 105 105 105 

5 Residence Time 

(min) 18 36 7,7 7,7 7.7 

Hydrolysis Mixture Composition (wt,%) 

10 Nitrile 0.36 0.06 0.05 trace trace 

HMBA 6.7 34 36 37 38 

Amide 39 3.1 0.79 0.28 trace 



15 Hydrolyzate Product Color: 6-7 on Gardner scale 



EXAMPLE 5 

Nitrile at 1.45 g/min was fed to the first 
20 recirculating reactor, along with 1.69 g/min 64.7% 

sulfuric acid, giving a 1.0 acid/nitrile molar ratio. A 
water feed at 0.78 g/min was also introduced into the 
second recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
25 each reactor or coil are shown in Table 4 below. 
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TABLE 4 

RECIRC-I RECIRC-II SI S2 S3 S4 

Temperature 

(OC) 65 90 90 90 90 90 

5 Residence Time 

(min) 18 37 7.7 7.7 7.7 7.3 





Eydrolvsls 


Mixture 


CoxBDosition (wt.%) 


Nitrile 


0.37 


trace 


trace trace trace trace 


HMBA 


6.1 


32 


36 37 36 37 


Amide 


40 


5.8 


2.1 0.99 0.60 0.40 



15 Hydrolyzate Product Color; 4 on Gardner scale 



EXAMPLE 6 

Nitrile at 2*0 g/min was fed to the first 
20 recirculating reactor, along with 2.33 g/min 65% sulfuric 
acid, giving a 1.01 acid/nitrile molar ratio. A water 
feed at 1.09 g/min was also introduced into the second 
recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
25 each reactor or coil are shown in Table 5 below. 
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TABLE 5 

RECIRC-I RECIRC-II SI S2 S3 §4 

Ten^erature 

(«C) 65 105 105 105 105 105 
5 Residence Time 

(min) 13 26 5^4 5.4 5.4 5.2 



HY<irolvsis Mixture ComDoaition (wt.%) 

10 Nitrile 0.45 0.09 trace 0.04 trace 0.06 

HMBA 5.3 34 36 36 36 37 

Amide 40 3,3 0.84 0.28 0.12 0.07 



15 Hydrolyzate Product Color: 6-7 on Gardner scale 



EXAMPLE 7 

Nitrile at 1.42 g/min was fed to the first 
20 recirculating reactor, along with 1.65 g/min 65% sulfuric 
acid, giving a 1.01 acid/nitrile molar ratio. A water 
feed at 0.795 g/min was also introduced into the second 
recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
25 each reactor or coil are shown in Table 6 below. 
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TABLE 6 

RECIRC-I RECIRC-II SI S2 S3 

Temperature 

(OC) 60 120 120 120 120 

Residence Time 

(min) 18 36 7,5 7,5 7.5 



Hydrolysis Mixture Composition fwt>%) 

10 Nitrile 0.23 0.05 trace trace trace 

HMBA 5.2 36 35 36 36 

Amide 39 1.5 trace trace trace 



15 Hydrolyzate Product Color; 17 on Gardner scale 



EXAMPLE 8 

Nitrile at 1.43 g/min was fed to the first 
20 recirculating reactor, along with 1.66 g/min 65% sulfuric 
acid, giving a 1.0 acid/nitrile molar ratio • A water 
feed at 0.78 g/min was also introduced into the second 
recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
25 each reactor or coil are shown in Table 7 below. 

TABLE 7 

RECIRC-I RECIRC-II SI S2 S4 

Tentperature 

(OC) 65 100 100 100 100 

30 Residence Time 

(min) 18 36 7.6 7.6 7.3 



Hydrolygig Mixture Composition (wt.%) 

35 Nitrile 0.26 0.10 NA NA trace 

HMBA 7.0 34 NA NA 37 

Amide 36 3.7 NA NA 0.05 



40 



Hydrolyzate Product Color; 6 on Gardner scale 



EXAMPLE 9 
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Nitrile at 1.04 g/min was fed to the first 
recirculating reactor, along with 1.15 g/min 65% sulfuric 
acid, giving a 0.96 acid/nit rile molar ratio, A water 
feed at 0,57 g/min was also introduced into the second 
recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 





each reactor or coil are shown in Table 8 


below. 






X JlPlilS O 








HECIRC-I RECIRC-TI SI 


S2 S3 


S4 


10 


Temperature 

(oc) 65 100 100 


100 100 


100 




Residence Time 

(min) 25 52 11 


11 11 


11 


15 


Hydrolvsis Mixture ComDOsition 


(wt.%) 




20 


Nitrile 0.36 0.08 0.05 
HMBA 8.7 35 37 
Amide 39 3.6 0.89 


0.05 0.04 
36 35 
0.37 0.17 


trace 

34 
0.05 




Hydrolyzate Product Color: 6 on Gardner 


scale 




25 


EXA2SPI.es 10-20 







The effect of acid/nitrile feed molar ratio on the 
reaction conversion, as well as the coupling effect of 
this ratio with reaction temperature was determined. In 
these examples, the nitrile feed rate was essentially 

30 constant and the water feed rate was adjusted for various 
65% sulfuric acid feeds to assure the same water content 
of the final hydrolyzate from each arun. At the outlet of 
each reactor euid the end of each coil of the PFR, a 
sample was removed during steady state conditions and was 

35 analyzed by a gas chromatographic method to determine the 
hydrolyzate product composition leaving the reactor or 
coil. The hydrolysis mixture composition and the 
temperature and residence time in each reactor or coil 
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are shown below. The remainder of the hydrolyzate 
included water and ammonium bisulfate. Based on the 
range of the varisLbles that were analyzed, i.e., 
acid/nitrile molar ratio from 0.6 to 1.2 and amide 
hydrolysis temperature from 90-120 «>C, an optimum range 
of conditions were derived as shown in FIG. 8 for the 
fixed residence (or nitrile feed rate) tested. Within 
the range of 90-101 °C and 1.0-1.2 acid/nitrile ratio, 
any combination of teitqperature and acid/nitrile molar 
ratio will result in a satisfactory product containing up 
to 0.05% by weight amide, up to 0.05% by weight nitrile 
and having a color of between 5 and 7 on a Gardner scale. 

EXAMPLE 10 

Nitrile at 1 . 02 g/min was fed to the first 
recirculating reactor, along with 1.03 g/min 64.75% 
sulfuric acid, giving a 0.88 acid/nitrile molar ratio. A 
water feed at 0.53 g/min was also introduced into the 
second recirculating reactor. The hydrolysis mixture 
composition and the tenperature and residence time in 
each reactor or coil are shown in Table 9 below. 
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TABLE 9 

RECIRC^I RECIRC-II §1 S2 S3/S4 



Temperature 

5 (oc) 65 105 105 105 105 

Residence Time 

(min) 27 53 11 11 H 



Hydrolysis Mixture Comoosition (wt,%) 

Nitrile 0.80 0.31 0.35 0.40 NA 

HMBA 8.3 35 41 49 NA 

15 Amide 41 3.7 1.7 0.96 NA 



20 



Hydrolyzate Product Color: 6-7 on Gardner scale 



EXAMPLE 11 

Nitrile at 0.99 g/min was fed to ttie first 
recirculating reactor, along with 0.70 g/min 65% sulfuric 
25 acid, giving a 0.62 acid/nitrile molar ratio. A water 
feed at 0.94 g/min was also introduced into the second 
recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
each reactor or coil are shown in Table 10 below. 
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TABLE 10 



5 



10 





REClRC-1 RECXRC-Ti; SI 


S2 


S3 




Temperature 

("C) 65 90 90 
Residence Time 

(min) 32 53 li 


90 
11 


90 
11 


90 
11 




Svdrolvsis Mixture Compositioii 


(wt 






Nitrile 

HMBA 

Amide 


5.2 2.2 2.4 
7.9 25 27 
45 9.5 7.4 


2.5 

29 

5.9 


2.5 

30 

5.2 


2.5 
30 
4.6 



Hydrolyzate Product Color; 5 on Gardner scale 



EXAMPLE 12 

Nitrile at 1.01 g/min was fed to the first 
recirculating reactor, along with 1.37 g/min 64.75% 
sulfuric acid, giving a 1.19 acid/nitrile molar ratio. A 
water feed at 0.53 g/min was also introduced into the 
second recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
each reactor or coil are shown in Table 11 below. 
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TABLE 11 





•o-ar.TRC-X 


HECIRC 


-TT SI 


S2 


S3 


S4 


Temperature 
(»C) 65 
Residence Time 

fmHn^ 23 


90 
50 


90 
10 


90 
10 


90 
10 


90 
10 




•HyAralyaLB 


Mixture 


rmnnaaltion 


{wt. 


%) 




Nitrile 

HMBA 

T^mide 


trace 

7.7 

33 


trace 

31 

2.8 


trace trace 
35 34 
0.72 0.17 


trace 
35 

0.03 


trace 

35 
trace 



10 



15 



20 



"H^^d^^zate Product Color; 5 on Gardner scale 



25 



EXAMPLE 13 

Nitrile at l.Ol g/min was fed to the first 
recirculating reactor, along with 0.70 g/min 65% sulfuric 
acid, giving a 0.60 acid/nitrile molar ratio. A water 
feed at 0.90 g/min was also introduced into the second 
recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
each reactor or coil are shown in Table 12 below. 
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TABIiE 12 
RECIRC- T PgffTRC - II 



S2 



-SI 



Temperature 
(»C) 

Residence Time 
(min) 



65 
32 



120 
52 



120 
11 



120 
11 



120 
11 



120 
10 



Nitrile 
HMBA 
Amide 



HydgQlvfatg Mlxt Mgft Composlfclon (wt.%) 



6.0 
7.7 
44 



2.6 

27 

5.4 



2.7 

32 

4.0 



2.2 

29 

1.4 



2.7 2.3 
34 31 

1.8 1.4 



Hvdrolyzate Product Color; 10 on Gardner scale 
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EXAMPLE 14 

Nitrile at 1 . 0 g/min was fed to the first 
recirculating reactor, along with 1.37 g/min 64.75% 
sulfuric acid, giving a 1.19 acid/nitrile molar ratio, 
water feed at 0.513 g/min was also introduced into the 
second recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
each reactor or coil are shown in Table 13 below. 



■ W 

■ 1* 




PCT/US96/08527 



20 



52 



TABIJB 13 



Temperature 
(°C) 

Residence Time 
(min) 



65 
23 



120 
50 



SI 


S2 


S3 


S4_ 


120 


120 


120 


120 


10 


10 


10 


10 




25 



EXAHFIiE 15 

Hltrile at 1.0 g/mn was fed to 'he first 
recirculating reactor, along with 1.05 g/min 64.75% 
sulfuric acid, giving a 0.91 acid/nitrile -^^r rat^o. 
water feed at 0.67 g/min was also 

second recirculating reactor. The hydrolysxs mxxture 
coMposition and the temperature and residence t^e 
Jl reactor or coil are shown in Tahle 14 below. 
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TABLE 14 

ggglRC-I RECIRC-II Sa S2 S3 §4 



Temperature 

Residence Tixae ^ 



H Ydyolvaia Mixture CoInDO «^ ♦•^on (wt.%) 

" iS^"^ °8-f 34" 34" 37" "3^ 

SSSe I7' I 0 1.5 0.71 0.32 0.20 

15 Hydrolyzate Product Color: 6 on Gar dner scale ^ 



EXAMPLE 16 

Nitrile at 1.02 g/min was fed to the first 
20 recirculating reactor, along with 0.71 g/min 64.75% 

sulfuric acid, giving a 0.6 acid/nitrile molar ratio, 
water feed at 0.93 g/min was also introduced into the 
second recirculating reactor. The hydrolysis mixture 
con?>osition and the teitperature and residence time in 
25 each reactor or coil are shown in Table 15 below. 
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TABLE 15 

RECIRC-I RECIRC-II §!_ S2 S3 S4 

Temperature 

(**C) 65 120 120 120 120 120 

Residence Time 

(min) 32 52 11 11 ll 10 



Hydrolysis Mixture Composition (wt,%) 

10 Nitrile 5.7 2.5 2.7 2.6 2.6 2.5 

HMBA 8.5 29 33 34 35 35 

Amide 45 6.2 4.3 2.6 2.0 1.5 



15 Hydrolyzate Product Color; 6 on Gardner scale 



EXAMPLE 17 

Nitrile at 1.02 g/min was fed to the first 
20 recirculating reactor, along with 0.69 g/min 65% sulfuric 
acid, giving a 0.59 acid/nitrile molar ratio. A water 
feed at 0.9 0 g/min was also introduced into the second 
recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
25 each reactor or coil are shown in Table 16 below. 
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TABLE 16 





HECIRC-I RECIRC-II SI 






Temperature 

(«»C) 65 90 90 
Residence Time 

(min) 32 53 11 


90 90 
11 11 


90 
10 




Evdrolysls Mixture CostDOsltlon 


(Wt.«|f) 




Nitrile 

HMBA 

T^mide 


6.0 3.4 3.2 
8.2 25 27 
44 12 8.0 


3.2 3.3 
28 29 
7.5 6.6 


3.3 

30 

5.7 



15 Hydrolyzate Product Color; 5 on Gardner scale 



EXAMPLE 18 

Nitrile at 1.02 g/min was fed to the first 
20 recirculating reactor, along with 1,38 g/min 65% sulfuric 
acid, giving a 1.18 acid/nitrile molar ratio. A water 
feed at 0.54 g/min was also introduced into the second 
recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
25 each reactor or coil are shown in Table 17 below. 
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TABLE 17 

RECIRC-I RECIRC-II SI 32 S3 54 

Temperature 

(**C) 65 90 90 90 90 90 
5 Residence Time 

(min) 23 50 10 10 10 10 

Hydrolysis Mixture Composition {wfc>%) 

10 Nitrile trace trace trace trace trace trace 

HMBA 7.2 31 35 35 35 36 

Amide 34 2.9 0.75 0.24 trace trace 



15 Hydrolyzate Product Color; 5 on Gardner scale 



EXAMPLE 19 

Nitrile at 1.03 g/min was fed to the first 
20 recirculating reactor, along with 1.39 g/min 65% sulfuric 
acid, giving a 1.17 acid/nitrile molar ratio. A water 
feed at 0.52 g/min was also introduced into the second 
recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
25 each reactor or coil are shown in Table 18 below. 
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TABLE 18 





RECIRC-I RECIRC 


-II S3. 


S2 


S3 


S4 


Temperature 

(OC) 65 120 


120 


120 


120 


12 0 


Residence 
(min) 


Time 

23 50 


10 


10 


10 


10 




Hydro lysis Mixture 


ConiDosltlon (wt. 






Nitrile 


trace trace 


trace 


trace 


trace 


trace 


HMBA 


7.1 33 


33 


34 


34 


48 


Amide 


35 0.39 


trace 


trace 


trace 


trace 



15 Hydrolyzate Product Color: >18 on Gardner scale 



E3U^LE 20 

Nitrile at 1.02 g/min was fed to the first 
20 recirculating reactor, along with 1.05 g/min 65% sulfuric 
acid, giving a 0.90 acid/nitrile molar ratio. A water 
feed at 0.63 g/min was also introduced into the second 
recirculating reactor. The hydrolysis mixture 
composition and the temperature and residence time in 
25 each reactor or coil are shown in Table 19 below. 
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RECIRC-I 


TABLE 19 
RECIRC-IZ SI 


S2 


S3 


S4 


Temperature 
(°C) 65 
Residence Time, 
(min) 27 


105 105 
53 11 


105 
11 


105 
11 


105 
11 




Hvdrolvsis Mixture Cozmsosltion 


(wt. 


H) 




Nitrile 

HMBA 

Amide 


0.38 

8.9 

40 


0.06 0.09 
28 39 
2.5 0.97 


0.06 
31 

0.31 


0.09 

41 
0.18 


0.09 

38 
0.10 



15 Hydrolyzate Product Color; 7 on Gardner scale 



EXAMPLE 21 

The bench scale equipment used in the preceding 

20 examples was modified by replacing the second 

recirculating reactor 30 with a small mixing loop 60 with 
negligible volume used for mixing the water feed and the 
hydrolysis mixture leaving the first loop reactor 46, 
The finishing reaction stream was recirculated through 

25 the mixing loop by a pximp 62. The mixer loop 60 was 
heated in a hot water bath 64 in order to heat the 
finishing reaction stream before it entered the PFR in 
which the amide hydrolysis reaction occurred* The 
modified bench scale equipment is shown in FIG. 9. 

30 Nitrile at 0.73 g/min was fed to the first 

recirculating reactor, along with 0.83 g/min 65% sulfuric 
acid, giving a 0.99 acid/nitrile molar ratio. The 
temperature in the reactor loop was 60 **C and the 
residence time was estimated as 36.8 minutes. Analysis 

35 of the reactor outlet sample revealed that nitrile was 
essentially hydrolyzed to amide with less than 0.1% 
unreacted nitrile remaining in the outlet stream. The 
temperature of the hydrolysis mixture at the outlet of 
the mixer loop was 75 °C and the residence time in the 

ko mixer loop was 1.5 minutes. The PFR coils were 
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maintained at 100 to 101 «*C* The residence time in each 
of the first three coils was IG minutes and that in the 
last coil was 15.2 minutes. Amide hydrolysis was 
completed in the last PFR coil. 

5 EXAMPLE 22 

The equipment used in the continuous hydrolysis 
process as shown in FIG. 3 consists of two CSTRs and one 
packed column type PFR. The first CSTR was devoted for 
the nitrile hydrolysis while the second CSTR and PFR were 
10 for the amide hydrolysis. The PFR is an 8 inch diameter 
teflon lined carbon steel pipe packed with Koch SMVP 
Teflon packing. The PFR was manufactured by Koch 
Engineering. The threshold velocity for the SMVP packing 
is 0.95 mm/sec. 

15 105 Ibs/hr of nitrile and 121 Ibs/hr of 65% sulfuric 

acid were continuously fed to the first 20 gallon CSTR in 
which 13 gallons of liquid were maintained by a level 
controller controlling the reactor outlet flow. The 
reactor was maintained at 65 ^C by an external cooler in 

20 a product recirculating loop. The residence time based 
on the total feed rate and the reactor liquid voliame was 
38 minutes. The outlet hydrolyzate ssimple, based on a 
gas chromatographic analysis, was found to contain less 
than 0.1% nitrile, 34.9% amide, and 11.2% HMBA. The 

25 outlet stream was introduced to the second 30 gallon CSTR 
having a liquid volume of 27.7 gallons. An 80 **C hot 
water stream was also fed to the second CSTR at a rate of 
60.5 Ibs/hr. The reactor temperature was 105 °C and the 
residence time was 91 minutes. The hydrolyzate from the 

30 reactor contained 1.9% amide, indicating that more than 
90% of incoming amide was converted to HMBA in this 
vessel. The second CSTR outlet stream then entered the 
packed column reactor containing structure packing and 
having a total liquid volume of 25 gallons. From the 

35 various samples obtained along the length of the colximn 
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reactor, the amide hydrolysis reaction was found to have 
approached completion at 70% of the length of the 
reactor. The temperature profile of the adiabatic colimui 
reactor ranged from 100 to 102 °C and the residence time 
5 in the PFR was 52.9 minutes. The final product contained 
less than 0.1% nitrile, less thain 0.1% amide, and 48% 
HMBA. The major by-product of the hydrolysis process, 
ammonium bisulfate, can be separated from the product by 
conventional means . 

10 EXAMPLE 23 

The equipment as used in Example 22 was used for the 
following hydrolysis process except that the second CSTR 
was bypassed such that the packed column reactor was the 
sole reactor for the amide hydrolysis reaction. 

15 The feed rates to the first CSTR were as described 

in Example 22. However, the temperature in the first 
CSTR was 60 ®C. Analysis of the outlet sample revealed 
that the intermediate hydrolysis mixture contained 0.2% 
nitrile, 39.4% amide, and 9.5% HMBA. The lower CSTR 

20 operating temperature resulted in a slightly higher 

nitrile concentration but a lower HMBA concentration. 
The intertnediate hydrolysis mixture was mixed with a hot 
water stream (60.5 Ibs/hr) in an in-line static mixer. 
The finishing reaction stream entered the PFR that 

25 maintained a steady state temperature profile from 80 *=*C 
at the inlet, reaching a peak temperature of 105 °C at 
the middle and dropping to 102 **C at the outlet of the 
packed column. 7U. though the column walls were heat 
traced and insulated, some heat losses were encountered. 

30 The residence time in the column reactor was 52.9 

minutes. The final hydrolyzate at the outlet of the 
column reactor contained less than 0.1% nitrile, 0.1% 
amide and 40.8% HMBA, the balance being by-product 
ammonium bisulfate and water. 



wo 96/40630 



PCT/US96/08527 



61 

EXAMPLE 24 

The equipment as utilized in Example 23 was used in 
the following hydrolysis except that concentrated 
sulfuric acid was fed directly to the first CSTR (FIG. 5) 
5 without pre-dilution to 65% sulfuric acid with water. A 
water stream was also fed to the reactor. Thus, both the 
heat of dilution of the acid and the heat of hydrolysis 
were removed via the external circulating cooler. The 
second CSTR was by-passed. 

10 Nitrile (72 Ibs/hr) , 96% sulfuric acid (56.2 Ibs/hr) 

and dilution water (26.7 Ibs/hr) were simultaneously fed 
to the first CSTR where nitrile hydrolysis was occurring. 
The operating liquid volume was 10 gallons, which 
provided 42.5 minutes of residence time based on the 

15 total sum of the three feed rates. The reaction 
temperature was controlled at 55 ®C. The gas 
chromatographic analysis of the acjueous hydrolysis 
mixture showed that it contained 0.5% nitrile, 40.6% 
amide, and 5.7% HMBA. The aqueous hydrolysis mixture was 

20 mixed with 41.3 Ibs/hr hot water in the in-line static 

mixer. The finishing reaction stream entered the packed 
coliamn reactor in the same fashion as described in 
Excimple 23, except that the adiabatic reaction 
temperatures in the coliimn reactor were slightly higher, 

25 probably due to additional heat release from the higher 
unreacted nitrile content leaving the CSTR that was 
operated at a lower temperature. Prom the samples 
withdrawn from the column reactor, the amide hydrolysis 
was determined to have been completed at 70% of the 

3 0 column height from the bottom inlet. 
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EXAMPLES 25-38 

Hydrolysis mixture samples were taken at the outlet 
of each CSTR, the PFR inlet (SI) , the PFR outlet (S6) , 
and at four sampling ports along the length of the PFR 
5 (S2 through S5) as shown in FIG. 3. The samples were 

removed during steady state conditions and were analyzed 
by a gas chromatographic method to determine the 
hydrolysis mixture composition when leaving the CSTRs and 
when flowing through the PFR. The hydrolysis mixture 

10 composition and the temperature and residence time in 
each CSTR and within each section of the PFR are shown 
below. The remainder of the hydrolysis laixture included 
water and ammonium bisulfate. Examples that do not 
indicate CSTR- II data involved equipment wherein the 

15 second CSTR was bypassed such that a diluted aqueous 

hydrolysis mixture flowed from the in-line mixer directly 
to the PFR. 

The data demonstrate that conversion is affected by 
temperature, acid/nitrile ratio and the degree of axial 

20 back mixing in the plug flow reactor. Back mixing is in 
turn a function of the velocity at which the reacting 
mixture flows through the reactor. In the instances in 
which back mixing affected conversion, the reactor was 
operated at less than its threshold velocity of 1.0 

25 mm/sec, resulting in a lower average driving force, 

i.e., amide concentration integrated along the length of 
the reactor, for this non-zero order reaction. In some 
instances, it was possible to compensate for operation 
below threshold velocity using relatively higher 

30 temperature and/or acid/nitrile ratio. Further 

discussion of the relationship of velocity to axial back 
mixing and the resultant effect on conversion is set 
forth at the end of Example 38. 
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As noted above, certain of the conversions obtained 
in a packed column PFR were not sufficient to meet target 
residual amide concentrations in the product hydrolyzate. 
These lower conversions were attributable to lower 
5 reaction temperature or acid/nitrile ratio, excessive 

axial back mixing, or some combination of these factors. 
Based on studies conducted on reactors operated at 
velocity adecjuate to provide a Peclet number greater than 
about 50, it was determined that residual amide 

10 concentration in the hydrolyzate could be consistently 

reduced to less than about 0.03% at reaction temperatures 
and acid/nitrile ratios in the preferred ranges discussed 
above for steady state operations. But where the Peclet 
number was significantly below 50, lower conversions were 

15 generally found unless temperature and/or acid/nitrile 
ratio were increased to compensate. 

To investigate the effect of velocity on back-mixing 
in a packed column PFR, residence time distribution tests 
were conducted at varying velocities using a pulse of 

20 salt as a tracer injected at the bottom of a colvimn in 

which tap water was caused to flow upwardly. At the top 
outlet of the reactor a conductivity probe was inserted 
for measuring the conductivity of the outlet flow, from 
which tracer response data, in terms of salt (NaCl) 

25 concentration vs. time, were obtained. Following 

conventional methods, calculations based on the response 
data were made to determine the mean residence time (the 
first moment of distribution) , the variance (the second 
moment of distribution) , the Peclet number, and the 

3 0 equivalent number of stirred tanks in series. For the 

reactor tested, the flow rate (gpm) , mean residence time 
(9) , dimensionless variance (cr^) , Peclet number (Pe) , and 
number of equivalent stirred tank reactors (j), are set 
forth in Table 34. 
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TABLE 34 

gpiti B a! Pe i 

0.95 29.5 0.0393 50,9 25.5 

0.47 66.3 0.0681 29.4 14.7 

0.90 25.1 0.0749 26.7 13.4* 

* Based on injection of tracer at a port spaced 

above the bottom of the reactor. Adjusted for this 
factor, j =20.5 and Pe « 41. 



These data demonstrate a critical velocity threshold 
in the range of 0,5 gpm for the packed colvunn that was 
used in these tests. 

Based on kinetic calculations on the amide 
hydrolysis reaction, the relationship between the niimber 
of equivalent stirred tank reactors and the residual 
cunide concentration was calculated. Computations were 
also made of the correlation between the number of 
equivalent stirred tank reactors and: (a) the ratio of 
(requisite reactor length for a given degree of 
conversion) to (requisite length for the same degree of 
conversion under perfect plug flow conditions) (L/Ijp) ; and 
(b) the ratio between (residual amide concentration for a 
given length of reactor) vs. (residual amide 
concentration for the same length reactor under perfect 
plug flow conditions) (C/Cp) . These calculations are set 
forth in Table 35. 



TABLE 35 

i L/Lp C/Cp C ( Iramide 

out) 

15 1.236 2.66 0.0581% 

20 1.177 2.25 0.0491 

25 1.141 2.00 0.0436 

30 1.178 1.83 0.0399 

40 1.088 1.62 0.0353 



00 



1.000 1.00 0.0218 
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EXAHPI«KS 39-55 

Hydrolysis mixture samples were removed during 
steady state conditions and were analyzed by a gas 
chromatographic method to determine the hydrolysis 
5 mixture composition when leaving the CSTR, entering the 
PFR and leaving the PFR as shown in FIG. 2 for Examples 
39-48 and as shown in FIG, 1 for Examples 49-55. 

The data demonstrate that conversion of HMBN to 
amide is improved by an additional residence time of 

10 about 3 minutes within the zone between the outlet of the 
CSTR and the point of dilution before transfer of the 
stream to the PFR. Examples 44 and 51 are directly 
comparable, as are Examples 45, 46 and 53 because they 
were man at the same flow rate and exhibited the saune 

15 peak temperature in the PFR. Examples 39-48 demonstrate 
the hydrolyzate color improvement as flow reactor peak 
temperature was reduced from 105 or 106 to 101 or 
102<'C. 

EXAMPLE 39 

20 Nitrile, 9 6% sulfuric acid and water were fed to a 

CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
residence time of 37 minutes in the CSTR at 60 **C, the 
hydrolysis mixture contained 0.03% nitrile and 39% amide 

25 by weight. The residence time of the aqueous hydrolysis 
mixture in the circulation zone upstream of the forward 
flow port and in the forward flow reaction zone between 
the forward flow port and the point of dilution was 4 
seconds and 3 minutes, respectively. After dilution, the 

30 finishing reaction stream was fed to the PFR which 

operated adiabatically at 81-106 ^'C and a residence time 
of 70 minutes. The finished aqueous hydrolyzate product 
contained 0.01% amide and less than 0.01% nitrile. The 
finished aqueous hydrolyzate product color was 8.5 on a 

35 Gardner scale. 
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EXAMPLE 40 

Nitrile, 96% sulfuric acid and water were fed to a 
CSTR as shown in FIG, 2 giving a 1,0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
5 residence time of 37 minutes in the CSTR at 60 the 
hydrolysis mixture contained 0.01% nitrile and 38% amide 
by weight. The residence time of the aqueous hydrolysis 
mixture in the circulation zone upstream of the forward 
flow port and in the forward flow reaction zone between 

10 the forward flow port and the point of dilution was 4 

seconds and 3 minutes, respectively. After dilution, the 
finishing reaction stream was fed to the PFR which 
operated adiabatically at 81-105 °C and a residence time 
of 70 minutes. The finished aqueous hydrolyzate product. 

15 contained 0 . 01% amide and less than 0,01% nitrile. The 
finished aqueous hydrolyzate product color was 8.5 on a 
Gardner scale., 

EXAMPLE 41 

Nitrile, 9 6% sulfuric acid and water were fed to a 
20 CSTR as shown in FIG. 2 giving a 1,0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
residence time of 37 minutes in the CSTR at 60 °C, the 
hydrolysis mixture contained 0.08% nitrile and 38% amide 
by weight. The residence time of the aqueous hydrolysis 
25 mixture in the circulation zone upstream of the forward 
flow port and in the forward flow reaction zone between 
the forward flow port and the point of dilution was 4 
seconds and 3 minutes, respectively. After dilution, the 
finishing reaction stream was fed to the PFR which 
30 operated adisibatically' at 80-105 «*C and a residence time 
of 70 minutes. The finished aqueous hydrolyzate product 
contained less tham 0.01% amide and nitrile. The 
finished aqueous hydrolyzate product color was 8 . 5 on a 
Gardner scale. 



wo 96/40630 



PCTA;S96/08527 



81 

BXAMPLK 42 

Nitrile, 96% sulfuric acid and water were fed to a 
CSTR as shown in FIG- 2 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
5 residence time of 37 minutes in the CSTR at 60 *»C, the 
hydrolysis mixture contained 0.08% nitrile and 38% amide 
by weight. The residence time of the aqueous hydrolysis 
mixture in the circulation zone upstream of the forward 
flow port and in the forward flow reaction zone between 

10 the f oontfard flow port and the point of dilution was 4 

seconds and 3 minutes, respectively. After dilution, the 
finishing reaction stream was fed to the PFR which 
operated adiabatically at 80-105 and a residence time 
of 70 minutes. The finished aqueous hydrolyzate product 

15 contained less than 0.01% amide and nitrile. The 

finished aqueous hydrolyzate product color was 7.5 on a 
Gardner scale. 

EXAMPLE 43 

Nitrile, 96% sulfuric acid and water were fed to a 
20 CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
residence time of 37 minutes in the CSTR at 60 ^C, the 
hydrolysis mixture was not analyzed. The residence time 
of the aqueous hydrolysis mixture in the circulation zone 
25 upstream of the forward flow port and in the forward flow 
reaction zone between the forward flow port and the point 
of dilution was 4 seconds and 3 minutes, respectively. 
After dilution, the finishing reaction stream was fed to 
the PFR which operated adictbatically at 79-104 °C and a 
30 residence time of 70 minutes. The finished aqueous 

hydrolyzate product contained 0.01% amide and less than 
0.01% nitrile. The finished aqueous hydrolyzate product 
coloj? was 8.5 on a Gardner scale. 
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EXAMPLE 44 

Nitrile, 96% sulfuric acid and water were fed to a 
CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
5 residence time of 37 minutes in the CSTR at 60 °C, the 
hydrolysis mixture was not analyzed. The residence time 
of the aqueous hydrolysis mixture in the circulation zone 
upstream of the forward flow port and in the forward flow 
reaction zone between the forward flow port and the point 

10 of dilution was 4 seconds and 3 minutes, respectively. 

After dilution, the finishing reaction stream was fed to 
the PFR which operated adiabatically at 79-104 and a 
residence time of 70 minutes. The finished aqueous 
hydrolyzate product contained less than 0.01% amide and 

15 nitrile. The finished aqueous hydrolyzate product color 
was 8.5 on a Gardner scale. 

EXAMPLE 45 

Nitrile, 96% sulfuric acid and water were fed to a . 
CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar 

20 ratio to form an aqueous hydrolysis mixture. After a 
residence time of 37 minutes in the CSTR at 60 *>C, the 
hydrolysis mixture contained 0.04% nitrile and 40% amide 
by weight. The residence time of the aqueous hydrolysis 
mixture in the circulation zone upstream of the forward 

25 flow port and in the forward flow reaction zone between 
the forward flow port and the point of dilution was 4 
seconds and 3 minutes, respectively. After dilution, the 
finishing reaction stream was fed to the PFR which 
operated adiabatically at 77-102 ^'C and a residence time 

30 of 70 minutes. The finished aqueous hydrolyzate product 
contained 0.01% amide and less than 0.01% nitrile. The 
finished aqueous hydrolyzate product color was 8.5 on a 
Gardner scale. 
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EXAMPZiE 46 

Nit rile, 9 6% sulfuric acid and water were fed to a 
CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
5 residence time of 37 minutes in the CSTR at 60 ^C, the 
hydrolysis mixture contained 0,03% nitrile and 40% amide 
by weight. The residence time of the aqueous hydrolysis 
mixture in the circulation zone upstream of the forward 
flow port and in the forward flow reaction zone between 

10 the forward flow port and the point of dilution was 4 

seconds and 3 minutes, respectively. After dilution, the 
finishing reaction stream was fed to the PFR which 
operated adiabatically at 77-102 and a residence time 
of 70 minutes. The finished aqueous hydrolyzate product 

15 contained 0.01% amide and less than 0.01% nitrile. The 
finished aqueous hydrolyzate product color was 7.5 on a 
Gardner scale. 

EXAMPLE 47 

Nitrile, 96% sulfuric acid and water were fed to a 
20 CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
residence time of 37 minutes in the CSTR at 60 °C, the 
hydrolysis mixture contained 0,06% nitrile and 37% amide 
by weight. The residence time of the aq[ueous hydrolysis 
25 mixture in the circulation zone upstream of the forward 
flow port and in the forward flow reaction zone between 
the forward flow port and the point of dilution was 4 
seconds and 3 minutes, respectively. After dilution, the 
finishing reaction stream was fed to the PPR which 
30 operated adiabatically at 75-101 **C and a residence time 
of 70 minutes . The finished aqueous hydrolyzate product 
contained 0.01% amide and less than 0.01% nitrile. The 
finished aqueous hydrolyzate product color was 6.5 on a 
Gardner scale. 
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EXAMPLE 48 

Nit rile, 96% sulfuric acid and water were fed to a 
CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
5 residence time of 37 minutes in the CSTR at 60 the 

hydrolysis mixture contained 41% amide by weight and less 
than 0.09% nitrile. The residence time of the aqueous 
hydrolysis mixture in the circulation zone upstream of 
the forward flow port and in the forward flow reaction 

10 zone between the forward flow port and the point of 
dilution was 4 seconds and 3 minutes, respectively. 
After dilution, the finishing reaction stream was fed to 
the PFR which operated adiabatically at 75-101 and a 
residence time of 70 minutes. The finished aqueous 

15 hydrolyzate product contained 0.01% amide and less than 
0.01% nitrile. The finished aqueous hydrolyzate product 
color was 6.5 on a Gardner scale. 

EXAMPLE 49 

Nitrile, 96% sulfuric acid and water were fed to. a 
20 CSTR as shown in FIG. 1 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
residence time of 46 minutes in the CSTR at 62 °C, the 
hydrolysis mixture contained 43% amide and 0.02% nitrile. 
The residence time of the aqueous hydrolysis mixture in 
25 the circulation zone upstream of the forward flow port 

and in the forward flow reaction zone between the forward 
flow port and the point of dilution was less than one 
second and less than one minute, respectively. After 
dilution, the finishing reaction stream was fed to the 
30 PFR which operated adiabatically at 80-104 ®C and a 
residence time of 88 minutes. The finished aqueous 
hydrolyzate product contained 0.02% nitrile and less than 
0.01% amide. The finished aq[ueous hydrolyzate product 
color was 8 on a Gardner scale. 
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EXAMPLE 50 

Nitrile, 96% sulfuric acid and water were fed to a 
CSTR as shown in FIG- 1 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
5 residence time of 49 minutes in the CSTR at 62 ^'C, the 

hydrolysis mixture contained 40% amide and 0,04% nitrile. 
The residence time of the aqueous hydrolysis mixture in 
the circulation zone upstream of the forward flow port 
and in the forward flow reaction zone between the foorward 

10 flow port and the point of dilution was less than one 
second and less than one minute, respectively. After 
dilution, the finishing reaction stream was fed to the 
PFR which operated adiabatically at 82-104 and a 
residence time of 92 minutes. The finished aqueous 

15 hydrolyzate product contained 0.03% nitrile and 0.01% 
amide. The finished aqueous hydrolyzate product color 
was 8.5 on a Gardner scale. 

EXAMPLE 51 

Nitrile, 96% sulfuric acid and water were fed to a 
20 CSTR as shown in FIG. 1 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
residence time of 37 minutes in the CSTR at 62 ^C, the- 
hydrolysis mixture contained 35% amide and 0.03% nitrile. 
The residence time of the aqueous hydrolysis mixture in 
25 the circulation zone upstream of the forward flow port 

and in the forward flow reaction zone between the forward 
flow port and the point of dilution was less than one 
second and less than one minute, respectively. After 
dilution, the finishing reaction stream was fed to the 
30 PFR which operated adiabatically at 82-106 °C and a 
residence time of 70 minutes. The finished aqueous 
hydrolyzate product contained 0.02% nitrile and less than 
0.01% amide. The finished aqueous hydrolyzate product 
color was 8 on a Gardner scale. 
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EXAMPLE 52 

Nitrile, 96% sulfuric acid and water were fed to a 
CSTR as shown in FIG. 1 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
5 residence time of 37 minutes in the CSTR at 61 the 

hydrolysis mixture contained 43% amide and 0.05% nitrile. 
The residence time of the acjueous hydrolysis mixture in 
the circulation zone upstream of the forward flow port 
and in the foarward flow reaction zone between the forward 

10 flow port and the point of dilution was less than one 
second and less than one minute, respectively. After 
dilution, ^the finishing reaction stream was fed to the 
PFR which operated adiabatically at 78-103 <»C and a 
residence time of 70 minutes. The finished aqueous 

15 hydrolyzate product contained 0.02% amide and the nitrile 
was not measured. The finished aqueous hydrolyzate 
product color was 5 on a Gardner scale. 

EXAMPLE 53 

Nitrile, 96% sulfuric acid and water were fed to a 
20 CSTR as shown in FIG. 1 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
residence time of 37 minutes in the CSTR at 61 ^'C, the 
hydrolysis mixture contained 40% amide and 0.02% nitrile. 
The residence time of the aqueous hydrolysis mixture in 
25 the circulation zone upstream of the forward flow port 

and in the forward flow reaction zone between the forward 
flow port and the point of dilution was less than one 
second and less than one minute, respectively. After 
dilution, the finishing reaction stream was fed to the 
3 0 PFR which operated adiabatically at 77-102 ®C and a 
residence time of 70 minutes. The finished aqueous 
hydrolyzate product contained 0.01% amide and 0.05% 
nitrile. The finished aqueous hydrolyzate product color 
was 6 on a Gardner scale. 
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EXAMPLE 54 

Nitrile, 96% sulfuric acid and water were fed to a 
CSTR as shown in FIG, 1 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
5 residence time of 37 minutes in the CSTR at 64 ^C, the 

hydrolysis mixture contained 41% amide and 0.02% nitrile- 
The residence time of the acjueous hydrolysis mixture in 
the circulation zone upstream of the forward flow port 
and in the forward flow reaction zone between the forward 

10 flow port and the point of dilution was less than one 
second and less than one minute, respectively. After 
dilution, the finishing reaction stream was fed to the 
PFR which operated adiabatically at 79-103 and a 
residence time of 70 minutes. The finished aqueous 

15 hydrolyzate product contained 0-01% amide and 0.03% 

nitrile. The finished aqueous hydrolyzate product color 
was not measured. 

EXAMPLE 55 

20 Nitrile, 96% sulfuric acid and water were fed to a 

CSTR as shown in FIG. 1 giving a 1.0 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
residence time of 37 minutes in the CSTR at 64 **C, the 
hydrolysis mixture contained 40% amide and 0.01% nitrile. 

25 The residence time of the aqueous hydrolysis mixture in 
the circulation zone upstream of the forward flow port 
and in the forward flow reaction zone between the forward 
flow port and the point of dilution was less than one 
second and less than one minute, respectively. After 

30 dilution; the finishing reaction stream was fed to the 
PFR which operated adiabatically at 79-103 ^'C and a 
residence time of 70 minutes. The finished aqueous 
hydrolyzate product contained 0.01% amide and 0.04% 
nitrile. The finished aqueous hydrolyzate product color 

35 was 9 on a Gardner scale. 
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EXAMPLE 56 

Performance of a continuous hydrolysis system was 
computer simulated based upon laboratory batch hydrolysis 
data, 36% hydrochloric acid and nitrile are fed 
5 continuously to a CSTR giving a 1.15 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 
residence time of 60 minutes in the CSTR at 50 <^C, the 
hydrolysis mixture contains 46% amide and 0.1% nitrile. 
The nitrile hydrolysis reactor product stresun exiting the 

10 CSTR is transferred to an amide hydrolysis cascade tower 
type reactor that is agitated to enhatnce fluid mixing and 
suspend ammonium chloride solids in each of the cascaded 
compartments. A reactor temperature of 80 **C is provided 
by jackets surrounding the reactor shell or by passing 

15 the stream through an external feed preheater. The 
residence time of the stream in the amide hydrolysis 
reactor is 4 hours. The finished aqueous hydrolyzate 
product contains 0.04% amide and 0.04% nitrile. 

EXAMPLE 57 

20 Performance of a continuous hydrolysis system was 

computer simulated based upon laboratory batch hydrolysis 
data. 3 6% hydrochloric acid and nitrile are fed 
continuously to a CSTR giving a 1.15 acid/nitrile molar 
ratio to form an aqueous hydrolysis mixture. After a 

25 residence time of 60 minutes in the CSTR at 50 ®C, the 
hydrolysis mixture contains 46% amide and 0.1% nitrile. 
The nitrile hydrolysis reactor product stream exiting the 
CSTR is transferred to a second CSTR for completion of 
80-90% of the amide hydrolysis. After a residence time 

30 of 4 hours in the second CSTR, the amide hydrolysis 

slurry containing ammonium chloride is cooled to 50 ®C 
and the ammonium chloride is removed by centrifuge. The 
mother liquor from the centrifuge is transferred to a 
plug flow reactor operated at 80 °C by use of jacketing 

35 or an external preheater. The PFR is not agitated 



wo 96/40630 



PCT/US96/08527 



89 

because the ammoniiam chloride is dissolved at the 
temperatures and concentrations existing within the PFR. 
After a residence time of 2 hours in the PFR, the 
finished aqueous hydrolyzate product contains 0*04% amide 
5 and 0.04% nitrile. 

While the invention is susceptible to various 
modifications and alternative forms, specific embodiments 
thereof have been shown by way of example in the drawings 
and have been described herein in detail . It should be 

10 understood, however, that it is not intended to limit the 
invention to the particular form disclosed, but on the 
contrary, the intention is to cover all modifications, 
equivalents and alternatives falling within the spirit - 
and scope of the invention as defined by the appended 

15 • claims • 
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WE CIiAIM: 

1. A process for the preparation of 2-hydroxy-4- 
methylthiobutanoic acid or a salt thereof comprising: 

introducing an aqueous mineral acid into a nitrile 
hydrolysis reactor comprising a first continuous stirred 
tank reactor; 

introducing 2 -hydroxy- 4 -methyl thiobutanenitrile into said 
nitrile hydrolysis reactor; 

continuously hydrolyzing 2 -hydroxy- 4- 

methylthiobutanenitrile within said nitrile hydrolysis 
reactor to produce a nitrile hydrolysis reactor product 
stream containing 2-hydroxy-4-methylthiobutanamide; 

continuously introducing water and said nitrile 
hydrolysis reactor product stream into an amide 
hydrolysis flow reactor; and 

continuously hydrolyzing 2 -hydroxy- 4 -methyl thiobutanamide 
within said amide hydrolysis flow reactor to produce a 
finished aqueous hydrolyzate product containing 2- 
hydroxy- 4 -methyl thiobutanoic acid. 

2 . The process as set forth in claim 1 wherein said 
water and said nitrile hydrolysis reactor product stream 
are mixed to form a finishing reaction stream such that 
the hydrolysis of 2 -hydroxy-4 -methyl thiobutanamide is 

5 substantially completed as said finishing reaction stream 
flows through said amide hydrolysis flow reactor, 

3 . The process as set forth in claim 2 wherein said 
nitrile hydrolysis reactor product stream is diluted with 
said water before said nitrile hydrolysis reactor product 
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stream is introduced into said amide hydrolysis flow 
reactor • 

4 • The process as set forth in claim 2 wherein said 
water stream is heated before being introduced into a 
mixer for diluting said nitrile hydrolysis reactor 
product stream with water to form said finishing reaction 
stream and prevent liquid phase separation. 

5. A process for the preparation of 2 -hydroxy- 4- 
methyl thiobutanoic acid or a salt thereof comprising: 

introducing an aqueous mineral acid into a nitrile 
hydrolysis reactor comprising a first continuous stirred 
tank reactor; 

introducing 2-hydroxy-4-methylthiobutanenitrile into said 
nitrile hydrolysis reactor; 

continuously hydrolyzing 2-hydroxy-4- 

methylthiobutanenitrile within said nitrile hydrolysis 
reactor to produce a nitrile hydrolysis reactor product 
stream containing 2-hydroxy-4-methylthiobutanamide; 

continuously introducing said nitrile hydrolysis reactor 
product stream exiting said nitrile hydrolysis reactor 
and water into a continuous amide hydrolysis reactor 
comprising a second continuous stirred tank reactor such 
that a substantial portion of 2-hydroxy-4- 
methylthiobutanamide contained in said nitrile hydrolysis 
reactor product stream is hydrolyzed in said second 
continuous stirred tank reactor to form a finishing 
reaction stream; 

continuously introducing said finishing reaction stream 
into an amide hydrolysis flow reactor; and 
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continuously hydrolyzing 2 -hydroxy- 4 -methyl thiobutanamide 
within said amide hydrolysis flow reactor to produce a 
finished acjueous hydrolyzate product containing 2- 
hydroxy- 4 -methyl thiobutanoic acid. 

6 . The process as set forth in claims 1 or 5 
wherein sulfuric acid is introduced into said nitrile 
hydrolysis reactor in an acid stream having a strength of 
between about 50% by weight and about 70% by weight 
sulfuric acid. 

7. The process as set forth in claims 1 or 5 
wherein sulfuric acid is introduced into said nitrile 
hydrolysis reactor in an acid stream having a strength of 
between cibout 70% by weight and about 99% by weight 
sulfuric acid, and said acid stream is continuously 
introduced to said nitrile hydrolysis reactor 
concurrently with a water stream to form sulfuric acid 
having a strength of between about 50% by weight and 
about 70% by weight on an organic- free basis within said 
nitrile hydrolysis reactor. 

8 . The process as set forth in claims 1 or 5 
wherein at least about 90% of 2-hydroxy-4- 
methylthiobutanenitrile is converted to 2-hydroxy-4- 
me thy 1 thiobutanamide within said nitrile hydrolysis 
reactor. 

9 . The process as set forth in claims 1 or 5 
wherein said aqueous mineral acid is sulfuric acid and 
the molar ratio of sulfuric acid to 2-hydroxy-4- 
methylthiobutanenitrile introduced into said nitrile 
hydrolysis reactor is between about 0.6 and about 1.5. 

10. The process as set forth in claims 1 or 5 
wherein said aqueous mineral acid is sulfuric acid and 
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the molar ratio of sulfuric acid to 2-hydroxy-4- 
methylthiobutanenitrile introduced into said nitrile 
hydrolysis reactor is between about 0.9 and about 1.2. 

11. The process as set forth in claims 1 or 5 
wherein the molar ratio of sulfuric acid to 2-hydroxy-4- 
methylthiobutanenitrile introduced into said nitrile 
hydrolysis reactor is between about 1.0 and about 2.0 
during the period between start up of the process until 
steady state conditions are established in said amide 
hydrolysis flow reactor, and thereafter said molar ratio 
of sulfuric acid to 2 -hydroxy- 4 -methyl thiobutanenit rile 
is between about 0.6 and about 1.5. 

12 . The process as set forth in claims 1 or 5 
wherein the molar ratio of sulfuric acid to 2-hydroxy-4- 
methylthiobutanenitrile introduced into said nitrile 
hydrolysis reactor is between about 1.0 and about 1.5 
during the period between start up of the process vmtil 
steady state conditions are established in said amide 
hydrolysis flow reactor, and thereafter said molar ratio 
of sulfuric acid to 2 -hydroxy- 4 -methyl thiobutanenitrile 
is between about 0.9 and about 1.2. 

13 . The process as set forth in claims 1 or 5 
wherein the ratio of the rate of mineral acid flow into 
said amide hydrolysis flow reactor to the rates of 2- 
hydroxy-4-methylthiobutanamide and 2-hydroxy-4- 
methyl thiobutanenit rile flow into said amide hydrolysis 
flow reactor is controlled to provide an excess of at 
least 5% molar excess mineral acid than is 
stoichiometrically equivalent to 2 -hydroxy- 4- 

methyl thiobutanamide and ' 2 - hydroxy- 4 - 

methyl thiobutanenit rile introduced into said amide 

hydrolysis flow reactor. 
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14. The process as set forth in claim 13 wherein 
mineral acid and 2 -hydroxy- 4 -methyl thiobutanenit rile are 
introduced into said nitrile hydrolysis reactor at 
relative rates effective to provide said excess in said 
amide hydrolysis flow reactor, 

15. The process as set forth in claims 1 or 5 
wherein said finished aqueous hydrolyzate product 
produced under steady state conditions at the exit of 
said amide hydrolysis flow reactor comprises at least 
about 36 wt.% 2-hydroxy-4-methylthiobutanoic acid, at 
least about 18 wt.% ammonium salt, at least about 20 wt.% 
water, up to about 0.05 wt.% amide and up to about 0.05 
wt.% nitrile. 

16. The process as set forth in claim 15 wherein 
said finished aqueous hydrolyzate product produced upon 
start up of the process coitprises up to cibout 0.05 wt.% 
amide and up to about 0.05 wt.% nitrile. 

17. The process as set forth in claims l or 5 
wherein said nitrile hydrolysis reactor product comprises 
up to about 16 wt.% 2-hydroxy-4-methylthiobutanoic acid, 
up to about 12 wt.% ammonium salt, at least about 6 wt.% 
water, at least about 30 wt.% amide and up to about 2 
wt.% nitrile. 

18. The process as set forth in claim 9 wherein 
said amide hydrolysis flow reactor is a plug flow 
reactor, and the flow of said finishing reaction stream 
through said plug flow reactor is turbulent. 

19. The process as set forth in claim 5 wherein 
said nitrile hydrolysis reactor product stream is diluted 
with said water before said nitrile hydrolysis reactor 
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product stream is introduced into said continuous amide 
hydrolysis reactor* 

20. The process as set forth in claims 2 or 5 
wherein said amide hydrolysis flow reactor con5>rises a 
packed column reactor and said finishing reaction stream 
flows through said packed column reactor at or above the 
threshold velocity of said packed column reactor. 

21. The process as set forth in claims 2 or 5 
wherein said amide hydrolysis flow reactor comprises a 
pipeline reactor and said finishing reaction stream moves 
through said pipeline reactor in turbulent flow. 

22. The process as set forth in claim 21 wherein 
said amide hydrolysis flow reactor is operated at a 
Reynolds number greater than about 3,000. 

23. The process as set forth in claim 21 wherein 
said amide hydrolysis flow reactor is operated at a 
Reynolds number greater than about 5,000. 

24. The process as set forth in claims 1 or 5 
wherein said aiaide hydrolysis flow reactor is a plug flow 
reactor operated at a Peclet number of at least 50, a 
peak temperature of about 90 to about 120 ®C and a 
residence time between about 30 and about 90 minutes. 

25. The process as set forth in claims 1 or 5 
wherein said amide hydrolysis flow reactor operates 
substantially adiabatically . 

26. The process as set forth in claims 1 or 5 
wherein said amide hydrolysis flow reactor operates 
substantially isothermally . 
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27. The process as set forth in claiins 1 or 5 
wherein said amide hydrolysis flow reactor operates 
adiabatically and autothermally . 

28. The process as set forth in claims 1 or 5 
wherein 2 -hydroxy- 4 -methyl thiobutanoic acid is recovered 
by neutralizing said finished acpieous hydrolyzate product 
to form an organic phase containing 2 -hydroxy- 4 - 

methyl thiobutanoic acid and an aqueous phase, and 
separating said organic phase and said aqueous phase to 
recover 2 -hydroxy- 4 -methyl thiobutanoic acid. 

29. The process as set forth in claims 1 or 5 
wherein vapor emissions from the process are not greater 
than about 0.5 scf per 1000 lbs. product 2 -hydroxy- 4 - 
methyl thiobutanoic acid. 

30. The process as set forth in claim 29 wherein 
vapor emissions from the process are not greater than 
about 0.3 scf per 1000 lbs. 2 -hydroxy- 4- 

methyl thiobutanoic acid. 

31. The process as set forth in claim 5 wherein at 
least about 80% of 2-hydroxy-4-methylthiobutanamide 
formed in said nitrile hydrolysis reactor is converted to 
2 -hydroxy-4 -methyl thiobutanoic acid within said 
continuous amide hydrolysis reactor. 

32. The process as set forth in claim 9 wherein 
said continuous amide hydrolysis reactor is operated at a 
temperature ranging from about 70 to about 120 ®C. 

33. The process as set forth in claim 5 wherein 
said aqueous mineral acid, said water stream and said 
nitrile hydrolysis reaction product stream are mixed to 
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form an autiide hydrolysis mixture that is introduced into 
the continuous amide hydrolysis reactor. 

34. A process for the preparation of 2-hydroxy-4- 
methylthiobutanoic acid or a salt thereof comprising: 

introducing an aqueous mineral acid and 2 -hydroxy- 4- 
methylthiobutanenitrile into a nitrile hydrolysis 
reactor; 

continuously hydrolyzing 2 -hydroxy- 4- 

methylthiobutanenitrile within said nitrile hydrolysis 
reactor to produce a nitrile hydrolysis reactor product 
stream containing 2 -hydroxy- 4 -methyl thiobutanamide; 

continuously introducing water, aqueous mineral acid, and 
said nitrile hydrolysis reactor product stream into an 
amide hydrolysis reactor; and 

continuously hydrolyzing 2 -hydroxy- 4 -methyl thiobutanamide 
within said amide hydrolysis reactor to produce a 
finished aqueous hydrolyzate product containing 2- 
hydroxy- 4 -methyl thiobutanoic acid. 

35. A process as set forth in claim 34 wherein the 
molar ratio of mineral acid to 2 -hydroxy- 4- 
methylthiobutanenitrile added to said nitrile hydrolysis 
reactor is between about 0.5 and about 0.95, and the 
overall molar ratio of mineral acid to 2 -hydroxy- 4- 
methylthiobutanenitrile is between about 0.6 and about 
0.95. 

36. A process as set forth in claim 35 wherein the 
molar ratio of mineral acid to 2 -hydroxy- 4- 
methylthiobutanenitrile added to said nitrile hydrolysis 
reactor is between about 0.8 and about 0.95, and the 



wo 96/40630 



PCT/US96/08527 



. 98 

overall molar ratio of mineral acid to 2 -hydroxy- 4 - 
methyl thiobutanenit rile is between about 0.85 and about 
0.95. 

37. The process as set forth in claim 34 wherein 
said nitrile hydrolysis reactor comprises a first 
continuous stirred tank reactor, i2 -hydroxy- 4- 
methylthiobutanenitrile is continuously hydrolyzed within 
said nitrile hydrolysis reactor, said nitrile hydrolysis 
product stream is introduced into said amide hydrolysis 
reactor which comprises an amide hydrolysis flow reactor, 
and 2 -hydroxy- 4 -methyl thiobutanamide is continuously 
hydrolyzed within said amide hydrolysis flow reactor. 

38. The process as set forth in claim 34 wherein 
said nitrile hydrolysis reactor comprises a first 
continuous stirred tank reactor, 2-hydroxy-4- 
methylthiobutanenitrile is continuously hydrolyzed within 
said nitrile hydrolysis reactor, said nitrile hydrolysis 
reactor product stream is introduced into a continuous 
amide hydrolysis reactor comprising a second continuous 
stirred tank reactor, 2 -hydroxy- 4 -methyl thiobutanamide is 
continuously hydrolyzed within said second continuous 
stirred tank reactor to form a finishing reaction stream, 
said finishing reaction stream is introduced into said 
amide hydrolysis reactor which comprises an amide 
hydrolysis flow reactor, and said hydrolysis of 2- 
hydroxy- 4 -methyl thiobutanamide is siabstantially completed 
as said finishing reaction stream flows through said 
amide hydrolysis flow reactor. 

39. A process for the preparation of 2-hydroxy-4- 
methylthiobutanoic acid or a salt thereof con?)rising: 

concurrently introducing 2 -hydroxy- 4- 
methylthiobutanenitrile, concentrated sulfuric acid 
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5 stream having a strength of between about 70% by weight 

and about 99% by weight, and water into a vessel in which 
2-hydroxy-4-methylthiobutanenitrile is hydrolyzed; 

hydrolyzing 2 -hydroxy- 4 -methyl thiobutanenitrile within 
said vessel to produce a nitrile hydrolysis product 
10 stream containing 2 -hydroxy- 4 -methyl thiobutanamide; and 

hydrolyzing 2 -hydroxy- 4 -methyl thiobutanamide to produce a 
finished aqueous hydrolyzate product containing 2- 
hydroxy- 4 -methyl thiobutanoic acid, 

40. The process as set forth in claim 39 wherein 
said vessel is a nitrile hydrolysis reactor coir^rising a 
first continuous stirred tank reactor, 2-hydroxy-4- 
methylthiobutanenitrile is continuously hydrolyzed within 

5 said nitrile hydrolysis reactor, said nitrile hydrolysis 

product stream is introduced into an amide hydrolysis 
flow reactor, and 2 -hydroxy- 4 -methyl thiobutanamide is 
continuously hydrolyzed within said amide hydrolysis flow 
reactor. 

41. The process as set forth in claim 39 wherein 
said vessel is a nitrile hydrolysis reactor comprising a 
first continuous stirred tank reactor, 2 -hydroxy- 4 - 
methyl thiobutanenit rile is continuously hydrolyzed within 

5 said nitrile hydrolysis reactor, said nitrile hydrolysis 

reactor product stream is introduced into a continuous 
amide hydrolysis reactor comprising a second continuous 
stirred tank reactor, 2 -hydroxy- 4 -methyl thiobutanamide is 
continuously hydrolyzed within said second continuous 

10 stirred tank reactor to form a finishing reaction stream, 

said finishing reaction stream is introduced into an 
amide hydrolysis flow reactor, and said hydrolysis of 2- 
hydroxy-4-methylthiobutanamide is substantially completed 
as said finishing reaction stream flows through said 

15 amide hydrolysis flow reactor. 
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42. The process as set forth in claims 1, 5 or 39 
further including recovering 2-hydroxy-4- 
methylthiobutanoic acid or a salt or derivative thereof 
from said finished aqueous hydrolyzate product. 

43. The process as set forth in claims 1, 5 or 39 
wherein 2 -hydroxy- 4 -methyl thiobutanoic acid is recovered 
by extracting 2 -hydroxy-4-methyl thiobutanoic acid from 
said finished aqueous hydrolyzate product. 

44. The process as set forth in claim 39 wherein 
vapor emissions from the process are not greater than 
about 0.5 scf per 1000 lbs. product 2-hydroxy-4" 
methyl thiobutanoic acid. 

45. An apparatus for use in a process for the 
preparation of 2 -hydroxy- 4 -methyl thiobutanoic acid, 
comprising a first continuous stirred tank reactor for 
the continuous hydrolysis of 2 -hydroxy- 4 - 

methyl thiobutanenit rile, in the presence of an aqueous 
mineral acid to produce an aqueous hydrolysis mixture 
containing 2-hydroxy-4-methylthiobutanamide, and an amide 
hydrolysis flow reactor for the continuous hydrolysis of 
2 - hydroxy- 4 -methyl thiobutanamide with said aqueous 
mineral acid to produce a finished aqueous hydrolyzate 
product containing 2 -hydroxy- 4 -methyl thiobutanoic acid. 

46. The apparatus as set forth in claim 45 further 
including a second continuous stirred tank reactor for 
receiving water and said ac[ueous hydrolysis mixture 
exiting said first continuous stirred tank reactor, such 
that a siibstantial portion of 2 -hydroxy- 4- 

methyl thiobutanamide contained in said aqueous hydrolysis 
mixture is hydrolyzed in said second continuous stirred 
tank reactor to form a finishing reaction stream, and the 
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hydrolysis of 2 -hydroxy- 4 -methyl thiobutanamide is 
substantially completed as said finishing reaction stream 
flows through said amide hydrolysis flow reactor, 

47. The apparatus as set forth in claim 45 further 
including a circulating line for circulating said aqueous 
hydrolysis solution from an exit of said first continuous 
stirred tank reactor through said circulating line and 
back to said first continuous stirred tank reactor, a 
forward flow port in said circulating line for removing a 
portion of said aqueous hydrolysis mixture to form a 
nitrile hydrolysis reactor product stream, and a transfer 
line for transporting said nitrile hydrolysis reactor 
product stream to a point of dilution, said circulating 
line and said transfer line providing additional 
residence time for substantially extinguishing residual 
2 -hydroxy- 4 ^methyl thiobutanenitrile prior to dilution of 
said nitrile hydrolysis reactor product stream. 

48* The apparatus as set forth in claim 45 further 
including a mixer for mixing a water stream and said 
nitrile hydrolysis reactor product stream exiting said 
first continuous stirred tank reactor to form a finishing 
reaction stream, and discharging said finishing reaction 
stream to said amide hydrolysis flow reactor such that 
the hydrolysis of 2 -hydroxy- 4 -methyl thiobutanamide is 
substantially completed as said finishing reaction stream 
flows through said amide hydrolysis flow reactor. 

49 . The apparatus as set forth in claim 45 wherein 
said nitrile hydrolysis reactor comprises an inlet for 2- 
hydroxy- 4 -methyl thiobutanenitrile, an inlet for 
concentrated mineral acid, an inlet for water, and means 
within said reactor for mixing 2 -hydroxy- 4- 
methyl thiobutanenitrile, concentrated mineral acid and 
water in proportions suited for hydrolysis of 2 -hydroxy- 
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4 -methyl thiobutanenitrile to 2-hydroxy-4- 
methylthiobutanaitiide * 

50. An apparatus for use in a process for the 
preparation of 2-hydroxy-4-inethylthiobutanoic acid, 
comprising a first back-mixed reactor for the continuous 
hydrolysis of 2 -hydroxy- 4 -methyl thiobutanenitrile in the 
presence of an aqueous mineral acid to produce an aqueous 
hydrolysis mixture containing 2 -hydroxy- 4 - 
methylthiobutanamide, and an amide hydrolysis flow 
reactor for the continuous hydrolysis of 2-hydroxy-4- 
methylthiobutanamide with said aqueous mineral acid to 
produce a finished aqueous hydrolyzate product containing 
2 -hydroxy- 4 -methyl thiobutanoic acid. 

51. The apparatus as set forth in claim 50 further 
including a second back-mixed reactor for receiving water 
and said aqueous hydrolysis mixture exiting said first 
back -mixed reactor, such that a substantial portion of 2- 
hydroxy-4-methylthiobutanamide contained in said aqueous 
hydrolysis mixture is hydrolyzed in said second back- 
mixed reactor to form a finishing reaction stream, and 
the hydrolysis of 2 -hydroxy- 4 -methylthiobutanamide is 
substantially completed as said finishing reaction stream 
flows through said amide hydrolysis flow reactor. 

52. The apparatus as set forth in claim 50 
including a circulating line for circulating said aqueous 
hydrolysis solution from an exit of said first back-mixed 
reactor through said circulating line and back to said 
first back-mixed reactor, a forward flow port in said 
circulating line for removing a portion of said aqueous 
hydrolysis mixture to form a nitrile hydrolysis reactor 
product stream, and a transfer line for transporting said 
nitrile hydrolysis reactor product stream to a point of 
dilution, said circulating line and said transfer line 
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providing additional residence time for substantially 
extinguishing residual 2-hydroxy-4- 

methylthiobutanenitrile prior to dilution of said nitrile 
hydrolysis reactor product stream. 

53. The apparatus as set forth in claim 50 further 
including a mixer for mixing a water stream and said 
nitrile hydrolysis reactor product stream exiting said 
first back-mixed reactor to form a finishing reaction 
stream, and discharging said finishing reaction stream to 
said amide hydrolysis flow reactor such that the 
hydrolysis of 2 -hydroxy -4 -methyl thiobutanamide is 
substantially completed as said finishing reaction stream 
flows through said amide hydrolysis flow reactor. 

54. The apparatus as set forth in claims 45 or 50 
including a mixer for mixing said aqueous mineral acid, 
said water stream and said nitrile hydrolysis reaction 
product stream to form the finishing reaction stream that 
is introduced into the amide hydrolysis flow reactor. 

55. The apparatus as set forth in claims 45 or 50 
wherein said amide hydrolysis flow reactor is insulated 
for adiabatic operation. 

56. The apparatus as set forth in claim 50 wherein 
said first back-mixed reactor comprises an inlet for 2- 
hydroxy-4-methylthiobutanenitrile, an inlet for 
concentrated mineral acid, an inlet for water, and means 
within said reactor for mixing 2-hydroxy-4- 
methylthiobutanenitrile, concentrated mineral acid and 
water in proportions suited for hydrolysis of 2-hydroxy- 
4 -methyl thiobutanenitrile to 2 -hydroxy- 4 - 

methyl thiobutanamide . 
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57. The apparatus as set forth in claim 52 wherein 
said circulating line comprises an inlet for concentrated 
mineral acid, said first back-mixed reactor comprises an 
inlet for 2-hydroxy-4-methylthiobutanenitrile and an 
inlet for water, and means within said reactor for mixing 
2 -hydroxy-4 -methyl thiobutanenitrile, concentrated mineral 
acid and water in proportions suited for hydrolysis of 2- 
hydroxy-4-methylthiobutanenitrile to 2-hydroxy-4- 
methylthiobutanamide . 

58. The apparatus as set forth in claims 49 or 56 
further including means for removing heat generated by 
dilution of mineral acid and reaction of 2 -hydroxy-4 - 
methylthiobutanenitrile and water in order to maintain a 
reaction temperature for hydrolysis of 2 -hydroxy-4 - 
methylthiobutanenitrile . 

59. A process for the preparation of 2-hydroxy-4- 
methylthiobutanoic acid or a salt thereof coiiqprising: 

introducing 2 -hydroxy- 4 -methylthiobutanenitrile and an 
aqueous mineral acid into an aqueous hydrolysis mixture 
comprising 2 -hydroxy- 4 -methyl thiobutanamide, mineral 
acid, and unreacted 2 -hydroxy- 4 -methylthiobutanenitrile; 

hydrolyzing 2 -hydroxy- 4 -methylthiobutanenitrile in said 
hydrolysis mixture in a continuous nitrile hydrolysis 
reactor cort5)rising a back-mixed reaction zone and a 
circulation zone in fluid flow communication with said 
back-mixed reaction zone, said circulation zone 
comprising a circulating line; 

continuously circulating said aqueous hydrolysis mixture 
in a circulating stream that is withdrawn from said back- 
mixed reaction zone, passed through said circulation zone 
and returned to said back-mixed reaction zone, said 
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circulating stream as withdrawn from said back-mixed 
reaction zone containing unreacted 2-hydroxy-4- 
methylthiobutanenitrile ; 

removing a portion of said circulating aqueous hydrolysis 
mixture as a nitrile hydrolysis reactor product stream 
from a forward flow port in said circulation zone and 
transferring said nitrile hydrolysis reactor product 
stream to an amide hydrolysis flow reactor; 

diluting said nitrile hydrolysis reactor product stream 
with water at a point downstream of said forward flow 
port to provide a finishing reaction stream; 

hydrolyzing 2 -hydroxy- 4 -methyl thiobutanamide contained in 
said finishing reaction stream in said amide hydrolysis 
flow reactor to produce a finished aqueous hydrolyzate 
product containing 2-hydroxy-4-methylthiobutanoic acid; 

the sum of the residence time of said circulating stream 
in said circulation zone upstream of said forward flow 
port and the residence time of said nitrile hydrolysis 
reactor product stream downstream of said forward flow 
port prior to dilution being sufficient to substantially 
extinguish residual 2 -hydroxy- 4 -methyl thiobutanenitrile 
prior to the dilution of said nitrile hydrolysis reactor 
product stream. 

60. A process as set forth in claims 1 or 59 
wherein said aqueous mineral acid, said water stream and 
said nitrile hydrolysis reaction product stream are mixed 
to form the finishing reaction stream that is introduced 
into the amide hydrolysis flow reactor. 

61. A process for the preparation of 2-hydroxy-4- 
methylthiobutanoic acid or a salt thereof comprising: 
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introducing 2-hydroxy-4-methylthiobutanenitrile and an 
aqueous mineral acid into an aqueous hydrolysis mixture 
10 comprising 2-hydroxy-4-methylthiobutanamide, mineral 

acid, and unreacted 2 -hydroxy- 4 -methyl thiobutanenitrile; 

hydrolyzing 2-hydroxy-4-methylthiobutanenitrile in said 
hydrolysis mixture in a continuous nitrile hydrolysis 
reactor comprising a back -mixed reaction zone and a 
15 circulation zone in fluid flow communication with said 

back-mixed reaction zone, said circulation zone 
comprising a circulating line; 

continuously circulating said acjueous hydrolysis mixture 
in a circulating stream that is withdrawn from said back- 
20 mixed reaction zone, passed through said circulation zone 

and returned to said back -mixed reaction zone, said 
circulating istream as withdrawn from said back-mixed 
reaction zone containing unreacted 2 -hydroxy- 4- 
methyl thiobutanenitrile ; 

25 removing a portion of said circulating aqueous hydrolysis 

mixture as a nitrile hydrolysis reactor product stream 
from a forward flow port in said circulation zone and 
transferring said nitrile hydrolysis reactor product 
stream to a continuous amide hydrolysis reactor; 

30 diluting said nitrile hydrolysis reactor product stream 

with water at a point downstream of said forward flow 
port to provide an amide hydrolysis mixture; 

feeding either said amide hydrolysis mixture, or said 
nitrile hydrolysis reactor product stream and water, to a 
35 continuous amide hydrolysis reactor in which a 

substantial portion of 2 -hydroxy -4 -methyl thiobutanamide 
contained in said amide hydrolysis mixture is hydrolyzed 
to form a finishing reaction stream; 
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transferring said finishing reaction stream to an amide 
hydrolysis flow reactor; 

hydrolyzing 2 -hydroxy- 4 -methyl thiobutanamide contained in 
said finishing reaction stream in said amide hydrolysis 
flow reactor to produce a finished aqiieous hydrolyzate 
product containing 2 -hydroxy- 4 -methyl thiobutsmoic acid; 

the sum of the residence time of said circulating stream 
in said circulation zone upstream of said forward flow 
port and the residence time of said nitrile hydrolysis 
reactor product stream downstream of said forward flow 
point prior to dilution being sufficient to substantially 
extinguish residual 2-hydroxy-4-methylthiobutanenitrile 
prior to the dilution of said nitrile hydrolysis reactor 
product stream. 

62, A process as set forth in claim 61 wherein said 
nitrile hydrolysis reactor product stream is diluted with 
water in said continuous amide hydrolysis reactor. 

63, A process as set forth in claims 59 or 61 
wherein the residual 2 -hydroxy- 4 -methyl thiobutanenitrile 
in said nitrile hydrolysis reactor product stream at said 
point of dilution is not greater than about 0.01 wt% 
based on the stmi of the 2 -hydroxy- 4 -methyl thiobutanamide 
and 2 -hydroxy- 4 -methyl thiobutanoic acid contained in said 
product stream, 

64, A process as set forth in claims 59 or 61 
wherein the residual 2 -hydroxy- 4 -methyl thiobutanenitrile 
in said aqueous hydrolysis mixture exiting said nitrile 
hydrolysis reactor is at least cQDOut 0-05 wt% based on 
the sum of the 2 -hydroxy -4 -methyl thiobutanamide and 2- 
hydroxy-4-methylthiobutanoic acid contained in said 
aqueous hydrolysis mixture. 
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65. A process as set forth in claims 59 or 61 
wherein the flow regime in said circulating line is 
sxabstantially turbulent, the temperature of said 
circulating stream is at least about 50 throughout 
said circulation zone, and the residence time of said 
circulating stream in said circulation zone upstream of 
said forward flow port is at least about 3 seconds, 

66* A process as set forth in claims 59 or 61 
wherein between said forward flow port and said point of 
dilution the temperature of said nitrile hydrolysis 
reactor product stream is at least about 50 and the 
residence time is at least about 30 seconds. 

67. A process as set forth in claim 66 wherein the 
flow regime in said zone between an inlet of said amide 
hydrolysis flow reactor and said point of dilution is 
turbulent. 

68. A process as set forth in claim 61 wherein the 
flow regimes and residence times are such as to provide 
the equivalent of at least one sequential back-mixed 
reaction zone in a nitrile extinction reaction region 
comprising the portion of said circulation zone upstream 
of said forward flow port and a forward flow reaction 
zone within which said nitrile reactor product stream 
flows between said forward flow port and said point of 
dilution or said continuous amide hydrolysis reactor. 

69. A process as set forth in claim 61 wherein the 
flow regime in a forward flow reaction zone within which 
said nitrile reactor product stream flows between said 
forward flow port and said point of dilution or said 
continuous amide hydrolysis reactor is laminar, and the 
flow regime and residence time are such as to provide the 
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equivalent of at least one sequential back-mixed reaction 
zone in said forward flow reaction zone. 

70. A process as set forth in claims 59 or 61 
wherein the temperature within said amide hydrolysis flow 
reactor is controlled to maintain said finished aqueous 
hydrolyzate product at a color of less than about 10 on 
the Gardner scale. 

71. A process for the preparation of 2-hydroxy-4- 
methylthiobutanoic acid or a salt thereof comprising: 

introducing 2 -hydroxy- 4 -methyl thiobutanenitrile and an 
aqueous mineral acid into an aqueous hydrolysis mixture 
comprising 2-hydroxy-4-methylthiobutanamide, mineral 
acid, and unreacted 2-hydroxy-4-methylthiobutanenitrile; 

hydrolyzing 2-hydroxy-4-methylthiobutanenitrile in said 
hydrolysis mixture in a continuous nitrile hydrolysis 
reactor comprising a back-mixed reaction zone and a 
circulation zone in fluid flow communication with said 
back-mixed reaction zone, said circulation zone 
comprising a circulating line; 

continuously circulating said aqueous hydrolysis mixture 
in a circulating stream that is withdrawn from said back- 
mixed reaction zone, passed through said circulation zone 
and returned to said back-mixed reaction zone, said 
circulating stream as withdrawn from said back-mixed 
reaction zone containing unreacted 2 -hydroxy- 4 - 
methyl thiobutanenitrile; 

removing a portion of said circulating aqueous hydrolysis 
mixture as a nitrile hydrolysis reactor product stream 
from a forward flow port in said circulation zone and 
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transferring said nitrile hydrolysis reactor product 
stream to an amide hydrolysis flow reactor; 

diluting said nitrile hydrolysis reactor product stream 
with water at a point downstream of said forward flow 
port to provide a finishing reaction stream; 

hydrolyzing 2-hydroxy-4-methylthiobutanamide contained in 
said finishing reaction stream in said amide hydrolysis 
flow reactor to produce a finished aqueous hydrolyzate 
product containing 2-hydroxy-4-methylthiobutanoic acid; 

the sum of the residence time of said circulating stream 
in said circulation zone upstream of said forward flow 
port and the residence time of said nitrile hydrolysis 
reactor product stream downstream of said forward flow 
port prior to dilution being at least about 20 seconds • 

72 • A process as set forth in claim 71 wherein the 
sum of the residence times is between about 30 seconds 
and about 5 minutes . 

73 ♦ A process as set forth in claim 71 wherein the 
flow regime in said circulating line is sxibstantially 
turbulent, and the residence time of said circulating 
stream in said circulation zone upstream of said forward 
flow port is at least about 3 seconds. 

74. A process as set forth in claim 71 wherein 
between said forward flow port and said point of dilution 
the residence time is at least about 30 seconds. 

75. A process as sist forth in claims 59 or 71 
wherein the flow regimes and residence times are such as 
to provide the equivalent of at least one sequential 
back-mixed reaction zone in a nitrile extinction reaction 



wo 96/40630 



PCT/US96/08527 



111 

region comprising the portion of said circulation zone 
upstream of said forward flow port and a forward flow 
reaction zone within which said nitrile reactor product 
strecim flows between said forward flow port and said 
point of dilution. 

76. A process as set forth in claims 59, 61 or 71 
wherein an external heat exchanger is positioned in said 
circulating line. 

77. A process as set forth in claim 76 wherein said 
forward flow port is positioned in said circulating line 
upstream of said external heat exchanger. 

78. A process as set forth in claim 76 wherein said 
aqueous mineral acid is introduced into said aqueous 
hydrolysis mixture at a port positioned in said 
circulating line downstream of said external heat 
exchanger. 

79. A process as set forth in claims 59, 61 or 71 
wherein said nitrile hydrolysis reactor product stream is 
transferred to said point of dilution via a vertical 
downcomer line. 

80. A process as set forth in claims 61 or 71 
wherein said aqueous mineral acid, said water stream and 
said nitrile hydrolysis reaction product stream are mixed 
to form the finishing reaction stream that is introduced 
into the amide hydrolysis flow reactor. 

81. A process as set forth in claims 34, 59^ or 80 
wherein the molar ratio of mineral acid to 2 -hydroxy- 4 - 
methyl thiobutanenit rile added to said nitrile hydrolysis 
reactor being between about 0.6 and about 1.5, and the 
overall molar ratio of mineral acid to 2 -hydroxy- 4- 
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methylthiobutanenitrile being between about 0.7 and about 
1.5. 

82. A process as set forth in claim 81 wherein the 
molar ratio of mineral acid to 2-hydroxy-4- 
methylthiobutanenitrile added to said nitrile hydrolysis 
reactor is between about 0,8 and about 1.2, and the 
5 overall molar ratio of mineral acid to 2 -hydroxy- 4- 

methylthiobutanenitrile is between about 0.9 and about 
1.2. 



83 . A process as set forth in claims 59 or 71 
wherein the flow regime in a forward flow reaction zone 
within which said nitrile reactor product stream flows 
between said forward flow port and said point of dilution 
is laminar, and the flow regime and residence time are 
such as to provide the equivalent of at least one 
sequential back-mixed reaction zone in said forward flow 
reaction zone. 

84. A process as set forth in claims 69 or 83 
wherein the flow regime and residence time are such as to 
provide the equivalent of between about 2 and about 3 
sequential back-mixed reaction zones in said forward flow 
reaction zone. 

85. A process as set forth in claims 59, 61 or 71 
wherein the flow regime in a forward flow reaction zone 
within which said nitrile reactor product stream flows 
between said forward flow port and said point of dilution 
is turbulent, and the flow regime and residence time are 
such as to provide the equivalent of at least one 
sequential back-mixed reaction zone in said forward flow 
reaction zone. 
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86. A process as set forth in claims 59, 61 or 71 
wherein said finished aqueous hydrolyzate product 
comprises up to about 0*05 wt.% amide. 

87. . A process as set forth in claims 59, 61 or 71 
wherein the flow regime and residence time are such as to 
provide the equivalent of at least two secjuential back- 
mixed reaction zones in said amide hydrolysis flow 
reactor . 

88. A process as set forth in claims 59, 61 or 71 
wherein the flow regime and residence time are such as to 
provide the ecpiivalent of at least 35 sequential back- 
mixed reaction zones in said amide hydrolysis flow 
reactor. 

89 . An aqueous hydrolyzate composition used in 
preparing concentrated aqueous solutions of 2 -hydroxy- 4- 
methylthiobutanoic acid as a methionine supplement, said 
composition comprising at least about 36 wt.% 2-hydroxy- 
4 -methyl thiobutanoic acid, at least about 18 wt.% 
ammonium salt, at least about 15 wt.% water, up to about 
0.05 wt.% amide and up to about 0.05 wt.% nitrile, said 
composition having a color of not more than about 10 on 
the Gardner scale. 

90. A conqposition as set forth in claim 89 
including at least about 30 wt.% ammonium salt and at 
least about 25 wt.% water. 

91. A composition as set forth in claim 89 wherein 
the color of said composition is between about 5 and 
about 10 on the Gardner scale. 

92. An aqueous hydrolyzate conposition used in 
preparing concentrated aqueous solutions of 2 -hydroxy- 4- 
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methyl thiobutanoic acid as a methionine supplement, said 
aqueous hydrolyzate composition having a color of not 
more than 10 on the Gardner scale* 
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